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ABSTRACT

The development of lighgémitting diode (LED) technology has resultedwidespread
solid state lighting use in both consumer and industrial applications due to theenkeigy
efficiency, long expected life, and less toxic than compact fluorescent lighting.

Previous research shows that there are at least two predoohégaselation mechanisms.

One mechanism is the degradation of the LED chip due to the increase -ohdmaive
recombination which reduces the total number of emitted photons. The other predominate
mechanism is the degradation of the accumulated optictéd fram temperature or electric
stresses. Both failure mechanisms could cause the reduction of luminous flux output. Also,
degraded optics work as a light spectrum filter and will rescale the intensity of light at each
wavelength, which will cause the oolcoordinates to shift. Besides, increase of-razhative
recombination of electron and holes will create more heat in the die region that will worsen the
degradation of optical parts of the LED package. Both failure mechanisms could cause the
reductionof luminous flux output and color shift of LED packages.

Currently, TM 80 is the established test method for LED packages to access the quality,
reliability and durability before being introduced into to the customers. However, TM80 test only
concerns thetemperature stress form the operation environment. In-b&f2d luminaire
applications, some are operated in the harsh environment. During the operation, the LED package
not only experiences the high bias current and ambient temperature, but alsoithty lamound
the package, especially for the road lighting and automobile lighting. There is literature gap for

the accelerated test methods for high power LED packages that includes both the thermal and



humidity effects from the ambient environmenur@ntly, TM21 long term lumen maintenance
projecting method are used to extend the test data to the desired time to predict the lumen
maintenance timé&ne principal issue of TM21 is that it is derived based on the Arrhenius equation
and is lack of additinal stresses to characterize the-temnperature dependent failure mechanism,

such as humidity. Therefore, there exists a need of physics based method to estimate the life time
of LED packages under certain operation condition which includes both andrggrature and
humidity.

The disadvantage and deficiencies in TM80 and LM21 validates the needs to develop new
acceleration test method and estimation techniques to quantify the reliability of high power LED
package under a variety of operation condsidn this paper, experiments are set up to explore
the different effects of the humidity and the thermal stress on various LED packages. Commercial
available warm white (3000K) and cowlhite high power LED packages are used to study the
degradations caad by temperature and humiditfhe test results in this work increases the
understating the reliability of LED packages through the investigation of failure mechanism under
various acceleration test conditions. Besides, the prognostic health managethedtaeveloped
in this work increases the accuracy of estimation of remaining useful life of high power LED
package. These methods will greatly reduce the time and effort needed to estimate the lumen

maintenance time of LED package during the application.
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1. INTRODUCTI ON

LEDs packagesrecalled solid state lighting devices, becatrsgy utilize semiconductor
material instead of a filament oraregas. A1 LED package consists aftiny semiconductochip
encapsulated in a silicone enclosure, which makes LEDs far sturdier than traditional incandescent
light bulbs or fluorescent tubes. Siicen e p ac k a g e offagile dmMporkotssmh 6as h a v e
glass and filaments, LED packagese able to withstand shock, vibration argdiative high
temperaturg DOE EERE, 2013c)JDOE: EERE, 2013bJDOE: EERE, 2014ajDOE: EERE,
2013a)(DOE: EERE, 2012JDOE: EERE, 2013d)

An LED light will last over 7 years (constant use) before needing replacement. On average,
LED bulbscanlast 10 timesas long ascompact fluorescent bulbs, and 133 times longer than
typical incandescent bulbs. Long lifespan of LEDs will dramatically redugetemance costs and
lower long term operating costs compared witiditional incandescent and fluorescent tubes
(EERE, 2006)

LEDs are extremely energy efficient and consume up to 90% less power than incandescent
bulbs.LEDs arethe most efficient way gbrovidingillumination and lighting, with an estimated
energy efficiency of 809%90% when compared to traditional lighting. With traditional
incandescent light bulbs who operate at 20% energy efficiency and 80% of the electricity is lost as
heat.Since LEDs use onlg fraction of the energy of an incandescent light bulb there is a dramatic
decrease in power costs. Also, money and energy is saved in maintenance and replacement costs

due to the long LED lifespaiMiller N. K., 2014a)(Miller N. M., 2013)
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Most compact fluorescent lamp contains a variety of toxic material such as mercury that
are dangerous to our environment. LED packages contains not toxic material and 100% of the
material can recycledlso, thelong operational lifetime could also save lots of material to build
light bulbs.

The illuminationfrom LED package d eamtéiriinfrared light and ultra violefUV)
emission By adjusting the material used in the device, the spectrum can be contouibediag
to the requirement. Because of this, LED lighting is highly suitable for illumination of UV sensitive
objective, materials and buildings, such as museums, art galleries, archeological Sitéwgtc.
powered on,LED lights can brighten up immedi#y, which has great advantages for
infrastructure project, such as traffic and signal lights. Also, LED lights can be switched off and
on at a high frequency, without affecting th
traditional lighting mayake severahinutes to reach full brightness, ahdjh frequency switching
will drasticallydecreasdhe expected life time. LED package is a point light source. Therefore,
several packages can be arranged in any shape to achieve the illuminationedgsigmentBy
controlling the driver,ndividual LEDs can be dimmed, resulting in a dynamic control of light,
color and distribution. Welllesigned LED illumination systems can achieve fantastic lighting
effects, not only for the eye but also for the maad the mind: LED mood illumination is already
being used in airplanes, classrooms and nadingrlocations and we can expect to see a lot more

LED mood illumination in our daily lives within the next few years.

1.1. SOLID-STATE LIGHTING
The LED packageaypicdly consistsof optical semiconductor devices, optical parts and
electronic connections. The core part of the package tsvtiieadsemiconductor light saae.

It is a pn junction diodewhich can emit light when forward biased. When a suitable voltage is
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applied to the leads, electronanrecombine with electron holes within the device, releasing
energy in the form of photon$his effectis called electroluminescence and the colorb is
determined by the energy band gap of the material used inrthengtion(Zukauskas, 2002)

Initially LED colors were very restricted. For the fiygtarsonly red LEDs were available.
However, as semiconductor progges were improved and new research was undertaken to
investigate new materials for LEDs, different colors became avail@bktwo main types of
LEDs presently used for lighting systems are aluminum gallium indium phosphide (AlGalnP,
sometimes rearranged AlinGaP) alloys for red, orange and yellow LEDs; and indium gallium
nitride (InGaN) alloys for green, blue anlet LEDs. Slight changes in the composition of these
alloys changes the color of the emitted lighhere are various combinations, eadhwhich
releases varying amounts of enemggr the semiconductor material's bandgap. When charge
carriers are recombined, photons are emitted according to specific discrete energy levels. This
specifies thdight color. Each LED light color is limited to wery narrow range of wavelength
which accordingly only represents a specific light colawisible light spectrum can also be
produced by LED such as infrared and ultraviolet colbine only specathat cannot be produced
directly from the chire boad band emission, suchths white light spectrum, since white light

represents a mixture of all light colors.

1.2. P-NJUNCTION
TheLED is a pn junction device with two type of semiconductor materiatype and n
type. The two different semiconductor nrédés arecreatedoy doping, for example by diffusion,
ion plantation, and sputter. For LED device, it is usually creased by epitaxy, growing a layer of
crystal doped with one type of dopant on top of another layer of crystal doped with another type

of dopant. With different crystal of the 4m junction, the LED will emit different color spectrum.

29



P-N junction servers as the elementary building blocks of most semiconductor electronic devices
such as diodes, bipolar junction transistor, solar @idLEDs. A LED is essentially a N

junction diodetypically made from a direct bandgap semiconductor, for example GaAs, in which

the electroh ol d pair recombination results in the ¢
energy is approximately equal to the dgap energySchubert, 2006)Colinge, 2005)Pierret R.

F., 1996)Pierret R. F., 2003)

< P éi N >
o Lo P e Bge

S @@;@ ?'Qé'é%@
@o =) @o ;@Go@. @o@

@@=  Boron or Gallium

@ Arsenic or Phosphorus
|:| Intrinsic Silicon or

Germanium
o Hole
L Electron

Figurel: P-N Diodes with dopants

Figurel shows a p diodes structur@asap, 2001)The positive donor is As and the
negative acceptor is Bn theN region, there is immobilized ionized donors and the free electrons.
In thePregion, there is fixed ionized acceptors and holes.

The concentration of donor the Nregion is Nd and theoncentration otheacceptor in
the Pregion is Na. Due to the hole concentration gradient from-sidgowhere p=f to theN-

side where the psp holes will diffuse towards the right aediter theN-side. As a result, holes
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will recombine with the @ctrons in theN-sides. TheN-side near the junction becomes depleted
of holes which is the majority carrier. Therefore, fisided will have a small area where positive
donor ions (As+areexposed and at the concentration of Nd. Similarly, the eleatmmsentration

is higher inN-region than the electrons concentration-region. The concentration gradient will
drive the electron to diffuse toward tReregion. As a result, electrons will recombine with the

holes in theP-region which will expose thacceptor ions (B.

Neutral Space Charge Neutral
Region Region
G—— —-

> OLC.C B BBge
o@ @] @
e
R o Y Y

E_

Figure2: Space charge region and neutral regioR-M junction at equilibrium

The junction region on botR-region and Nregion are consequently depleted of free
carriers such as holes and electrortserefore there is a space charge layer (SCL) around the
junction. However, most of the area in bd¥region and Negion are still neutralFigure 2
illustrates the neutral region and the depletions region aground the junction region.

Thereexistsan electrical field point from-negion to the gregion, due to the space charge
region. With the Gauss's law, also known as Gauss's flux thetirergeneated electrical filed
can be related with the distribution of electric charge in the space charge @gians s 6 s s aw

be expressed as:
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1
F £ = 2 ( )
eO
Wh e r e eis theeseledridlux through a closed surfaceeBclosing any volume V, Q is

the total c har ge obsthedleotric eahstanti Theheleatricflux and U
Ue is defined

as a surface integral of the electric field:
Fe :é Epy dA )

Where E is the electric field, dA is a vector representingfamtesimal element ofarea
of the surface and - regsents the dot product of two vectors.

If the electric filed distribution is known, it is quite easy to find the distribution of electrical
charges according to the Gausso6s | aw. The
integrating the electra field. However, ima pn diode the reverse problem should be solved. In
the SCR, the charge distribution is known. It is the electrical field should be calculated.

By the divergence theorem, Gauss's law can alternatively be written in the differential

form:

DﬂE:eL ©)
0

Where the divergence of electrical field can be found based on the total electrical charge
density and electrical constartof the crystal.ln the pn diode case, the divergence could be
simplified into the derivation of electrical field in one dimension.

dE _ r(X) (4)

dx e
Wh e r equalsr *ro. R and ( are the absolute and relative permittivity of the

semiconductor materia. ( x) i s the electrical charge distr
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Figure3: Electrical chareg density ofipdiodes at equliburiuniKasap, 2001)

The electrical field distribution could be calculated out easily according to the above
eqguation, since the electrical charge density is the same in the depletion region. The distribution
of electrical charge density is given in thigure 3 (Kasap, 2001Yhe electric field distribution
could be calcul ated by integrating tdénsityig ( x) a
constant in depletion region, the electrical
law. Thereis an internal electrical filed E from positive ions to the negative ibnestrefore the
electrical is from rregion from pregion. All those are concluded at the equilibrium condition
which means there is no digal bias, or photoexcitation*p=ni? everywhereTheelectrical field

is given inFigure4 (Schubert, 2006)
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Figure4: Electrical Distribution in them diodes at equilibrium(Schubert, 2006)

The internal electrical field points fromragion to pregion which tries to stop the holes
diffusing from pregion to nregion. As the same time, it alpoeventsthe electrons to diffusion
from n-region to pregion.Figure5 shows the carrier density distribution in the diode.

The build in electrical field imposes a drift force on holes inithdirection, whereas the
hold diffusion flux in in the +xdirection. A similar situation can be observed for electrons in the
n-region. The electrons try to diffusiém direction against the drift force applied by the electrical
field. It is obvious that as more and more diffuse towards the right, and etedtffuse to the
left, the electrical field will increase. There will be a threshold where an equilibrium is reached.
The rate of holes diffusing towards theagion is balanced by the holes drifted back by the

electrical field. At the same time, the dlen diffusion will also be balanced by the drift.
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Figure5: Carrier density in the-p diodes aequilibrium (Schubert, 2006)

For uniformly doped p and n regi-regiogis t he
constant and equaleNa. In the fregion space charge density equals +eNd. The total charge on
the left side of the depletion region should equal the charge on thesiiighTherefore,the
following condition should be satisfied:

N, *W, =Ny *W, ®)

Where the Wis the depletion length in therpgion and Wis the depletion length in the
n-region.If the Na>Ng, the depletion regiongmetrates the-side, lightly doped slides, more than
the psides, heavily doped side. If=d>Ng, then the depletion region is almost entirely in the n
region. By the calculation, the electrical filed research the maximum value at the interface of the
depktion area.

The potential V of the depletion area can be calculated out by the integration of the

electrical field.
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v (6)

Potential increases in the depletion region from p side to the n gieectiests maximum
value at the interface between SCR and depletion region in the n égisa the potential in the
far left as reference voltage, the maximum value in the n region is called tha lpolential.
Given the doping profile, the maximum elecal field Enaxand build in potential ¥ could be

calculatedwith equationg7) and(8):

E = ex Na*Wn _ ex Na*Wp (7)
V., =- e* Na* Nd*(Wn +Wp)2 (8)
bi —

! 2% e* (N, +N,)

V(X) 4

Figure6: Potential distribution of m diode aequilibrium (Schubert, 2006)

The distribution of potential V(x) is illustrated iFigure6.When the pn diode is forward
biased with a voltage of V so that the positive terminal of the battery is attached teetfierp
and negative terminal to theside. The power supply wilhange the equilibrium of the junction

by reducing the build in potential by V. Most of the potential change will happen in the depletion
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region as there are full of immobile ions, in comparison with the bulk region in which tieere a
plenty of majority caters.

As a result, the potential barrier against diffusion is reduced geV(V This will have
dramatic effects on the equilibrium of drift and diffusidine probability that a hole in the p
region will go cross the potential barrier and diffuse tortnegion will changes from 0 to exp (
e*(Vbi-V)/KgT). In other words, the applied forward voltage reduced the-ujdtentialwhich
act against the diffusion. Consequently, many hcdesdiffuse into the-negion now. This effect
is called minority ceier injection. Holes can diffuse and inject int@agion, becoming injected
minority carriers. Similarly, electrons can diffuse and inject into thegmon through the same
process. When holes are injected into the neutsatl®, they draw some eteans form the
battery. As a result, there is a small increase in the electrons concentrati@giom This small
amount of increase in the majority carrier is necessary to the charge balance and maintain neutrality
in the nregion.The electrostaticralysis of a pn diode is of interest since it provides knowledge
about the charge density and the electric field in the depletion region. It is also required to obtain
the capacitanceoltage characteristics of the diode. The analysis is very similaatot a metal
semiconductor junction. A key difference is that-a giode contains two depletion regions of
opposite type. The width of depletion on the p side jsaM the depletion region width in the n
side is W. The fulkdepletion approximation assies that the depletion region around the
metallurgical junction has wetlefined edges. It also assumes that the transition between the
depleted and the quaseutral region is abrupt. We define the quasiutral region as the region
adjacent to the deplen region where the electric field is small and the free carrier density is close
to the net doping density. The flepletion approximation is justified by the fact that the carrier

densities change exponentially with the position of the Fermi enelaiywe to the band edges.
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The total depletion layer width can be calculated with the following equation:

e 1 . 1., ©)
Wp+Wn_\/ e (N +N_d) (\/bi_v)

a

From which the solutions for the individual depletion layer widW, and W, are

obtained:
2*e N (10
W. = *__a vV
nJe Nd(N+N)(vb. )
2*e, N (11
W d* V
: J R o +N) Ve - V)

The hole concentrationy{®), on the interface of depletion region and charge neutrality
region becomes larger as a result of minority carrjection. This concentration is determined by
the applied voltage and the minority concentration in tlieegion. It is also called law of the
junction which is described in the following equation:

12

e*V
T)
Wherepno equals ni*2/N, Kg is the Boltzmann constant and equ&l$173324(78)x10

pn (0) = pnO * eXp(

eV/K. Tis the ambient temperature in Kelvin. The above equation depicts the effects of the applied
voltage on the injected minority carrier concentration just outsidedepletion region. If the
applied voltage is 0 volt,,f0) equals g which is exactly what is expected.

Injected holes in the-region will recombine with the electrons in this region. The
recombined electrons will be replenished by the negative talsnif the battery connected to the
diode. The current due to the holes diffusion can be stable, because more holes can be supplied by
the pregion.

Electrons have the similar behavior and will inject frommegion to the gegion of the
diodes if forwardvoltage is applied. The electron concentratigf®njust outside the depletion

region in the pside can be calculated in the same manner:
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e*V (13

)

In the pregion, the injected electrons diffused toward the positive terminal and they will

recombine with the many holes in this region. The recombined holes will be resupplied by the
positive terminal of the battery connected to the diode. The currenbdiie diffusion of electrons
in the pregion can be sustained by the supply of electrons freiden

It is obvious that an electric current can be maintained through a pn junction if the diode is
forward biased. The current flow is caused by the siiffia of minority carrierslf the lengths of
the p and #region is longer than the minority carrier diffusion lengths, then itbesassumed as
the long bas&oundary condition. It is expected that the | ericantration g{x) on the rside
will fall exponentially towards the thermal equilibrium valuge.pThe diffusionh ol e s 6
concentration in the-region can be calculated as:

14

\  ayn” X
) ren)

Wherepnois theh o | cericentration at thermal equilibriumy ik thehole diffusion length

e*
pn (X) = pnO + pnO (eXp(
K B

defined by:
L, =D, *t, (15

InwhichDhi s the diffusi on ndsottefmean ddldeecambimafion h ol e :
lifetime (minority carrier lifetime) in fregion. The diffusion length is thaverage distance
diffused by a minority carrier before it disappears by recombination. The rate of recombination of
injected holes at any given x in the neutral region is proportional to the excess hole concentration
at that point xIn the steady statéhis recombination rate at x just balanced by the rate of holes
brought to x by diffusion.

The diffusion current density doeis the hold diffusion flux multiplied by the hole charge.

The diffusion current of holes in theragion can be calculated by:
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_e*D,*ni? e (16)

V - X
J = - _
o = N (exp(KB*T) ) (exlo(l_h )

Although the above equation shows that the hold diffusion currentdeperthe location,

the total current at any given location is fixed. The total current is the sum of holes current and
electron current which is independent of location. The decrédémgexurrent will be made up by
the increase in the current due te thrift of majority carriers in-megion.

There is a similar expression for the electron diffusion current densiiy ih the p

region. The electron diffusion current density can be expressed as:

e* D_*ni? exV - X 17
J =—=—*(ex - D)* (exp—
D,elec Le * Na ( p(KB *T) ) ( p(Le ))
The total current density in the diode under forward bias can be expressed as:
D, *ni? D_*ni? e*V (18
J o eec = E(— +—° * (ex -1
D,elec e(Lh*Nd Le*Na) ( p(KB*T) )

This is the expanded diode equation and it is also called the Shockley equation. It represents
the diffusion of minoty carriers in the neutral regions. The constant part of the above equation is
also called the reverse saturation current density. If a reverse bisWhich is greater than the
thermal voltageKgT/e (25mV), the current density wiltbecomei Js. k depenls on the doping

concentration B Ng, and the material property such as De, L, Le.

Dh*ni2+De*ni2) (19
I-h * Nd Le * Na
For now, it is assumed that the injected minority carriers diffuse and recombine in the

J, =ex(

neutral region only under forward bidsowever,some of the minority carriers will recombine in
the depletion regionThe external current must therefore also suppby tarriers lost in the
recombination process in the space charge region.

The net expression for the net steathte recombination rate can be drastically simplified

under certain condition. The simplified expression for the net recombination insideGan R
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depletion region is a special case result that is encountered quite often in device analysi. An R
depletionregion is formally defined to be a semiconductor volume where n<<nl and p<<pl. Since
np<<nlpl=m, a deficit of carriers always exists insides the envisioned depletion region.

At the metallurgical junction at the center of the depletion region, the hdletlactron
concentration arenpand m. They areequal The recombination current can be found by
considering electros recombining in theggion with the length of Wand holes recombining in
the nside with the length of W W, plus W, equals the total depletion length in the diode. Suppose
that the mean hole recombination time iR Ws, ant mean electron recombination time igigV
[. The total electrons number is the integration of the electron concentration from the center of
the depletion region to the interface of the depletion region and neutral area. Dividing the total
electron by the mean electron recombination time gives the recombination rate. Thus, the
recombination current density is:

_ e*W, *n, N e*W, * p,, (20
recom 2* t_e 2* t_e
Under steady state and equilibrium conditions, the electron concentration at the middle of

depletion region can be calculated by the Boltzmann statistics.

0 21
et St @

The po equals the doping concentration.Née above equation can be further simplified

Pu _

po

to:

e* (V) (22

=n exp(- ——=—

pM i p( ZKB*T)

This means that the recombination current equals:
exn . W, W * 23
‘]recom: : *(_P+_n)*exp(e (V) ) ( )
2%t t, t, 2K *T

41



For a better quantitative analysis, the expression for the recombination current can be
shown to be:

2e* (\/) ) _ 1) (24)
Kg*T

Where Jis preexponential constant. The above equation shows the current that supplies

‘Jreoom = ‘]0 * (eXp(

the recombined carriers in the depletion region. The total current inside the diodes includes the
carriers for the minority diffusiom the neutral region and the recombination carrier in the space

charge layer. So the total current is given in the following eouat

e BV eV (25
o =30 @) D+ ORE D)< )

Where dis the constant for the recombination current in the depletion regisrgahstant

J

for the diffusion current in the neutral regi@enerally the diode current can be written as:

e* (V) (26)
[ =1,*(exp(—————)-1
o @l =)D
Wherebi s a constant and dq is called the diod
controlled diode. d is 2 for space digme7ge | ay

showsthe forward and the revers&/Icharacteristics of typical-p diode(Pierret R. F., 1996)
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Figure7: Diodel-V curve (Pierret R. F., 1996)

1.3. RECOMBINATION

Electrons sitting inside the conduction band is not a stable state and will eventually stabilize
to a lower energy state in the valence band. When this happens, the electron will move into an
empty state which is a hole. This process is called recomimndtiectrons and holes in
semiconductors recombines either radiative, i.e. accompanied by the emission of a photen, or non
radiative.There are three types of recombination in the bulk of semiconductor. The first is called
radiative recombination. The sed is called ShockleRRead-Hall recombination which is a nen
radiative recombinatiorPhononswill be emitted from the process rather than the photons. The
last recombination is called Auger recombination. Auger Recombination involves three carriers.
An electron and a hole recombine, but rather than emitting the energy as heat or as a photon, the
energy is given to a third carrier, an electron in the conduction band. This electron then thermalizes
back down to the conduction band edigeLED, the radiatre is obvious the preferred process.

However, norradiative recombination can, under practical conditions, never be reduced to zero.
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Thus, there is a completion between radiative andad@tive recombinationMaximum the
radiative process and minimizati of the norradiative process can be controlled in several
methods
Any semiconductor has two types of carrier, electrons and holes. Under thermal
equilibrium condition, without external stimulation such as light or minority injection, the product
of electron and holes concentration is a congt@otinge, 2005)Schubert, 2006(Pierret R. F.,
1996)
Ny ™ Py = ni? (27)
Where n angb are electron and holesmcentrationni is the intrinsic carrier concentration.
Excess carriers in semiconductors can be generated by external stimulation either by
absorption of light or by an injection current. The total carrier concentration becomes
n=n,+Dn (28)
p=p, +Dp (29
Where @n and o@p are the excess ¢€henartberon an.
of recombination events will be proportional to the concentration of elects and holes. Thus, the
recombination rate is proportional to the product of electrons and holes concentration. Using a
proportionality constant, the recombination rateypgt time per unit volume can be written as:
R=B*n*p (30
This equation is the bimolecular rate equation and the proportionality constant B is called
the bimolecular recombination coefficient. It has typiale of 101 to 10%%m? for direct band
gap IV semiconductor. Consider a semiconductor subjected to photoexcitation. The
recombination dynamics can be analyzed as a function a time. Since the electrons and holes are

generated in pairs, the excess@antration of electrons and holes are the same:
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Dn=Dp (31
With the bimolecular rate equation, the recombination rate is given by:
R=B*[n, + Dn(t]* [Py + Dp(t)] £2
For thelow-level excitation, the photo generated carrier concentration is much small than
the majority carrier op)icensriaygi @n( edgbatopp{ db) e
can be simplified to
R = B* ni2 + B* [nO + po]* m(t) = I:\)0 + Rexcess (33)
The time dependent carrier concentration can be calculated from the continuity equation:

an(t) _
dt

R=- (RO + Rexcess) (34)

At time =0, the illumination is switched off. The recombination rate can then be calculated

by:
9O ~ - B+ [n, + p,1* DAY (25)
The solution of the above differential equation can be obtained by the separation of
variables.
Dn(t) = Dn, * exp(- B* (n, + p,) *t) (36)
The carrier lifetime U can be identified a
1 (37)

[ =—
B* (N, + o)
For semiconductor with specific doping, the carrier life time can be rewritten as:

f=_ 1 (38)
" B*(N,)
For ptype semiconductor and
1 (39)
[ =
" B*(Ny)
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For ntype semiconductor. Once the photon excitation is terminated, the minority carrier
concentration decays exponentially with a characteristic time constant denoted as the minority
carrier lifetime.lt is the mean time t&een generation and recombination of a minority carrier.

For the case of high level excitation, the photon generated carrier concentration is larger than the

equilibrium carrier concentration. The bimolecular rate equation is then given by:

dDN(®) _ g oy (40)
dt

Solving the differential equation above yields the solution:

1 41
Dn(t)=————
B*t+Dn,
There are several reasons that can cause thead@tive recombination, such as defects
in the crystal structure. In the radiative recombination process, photon will be released and its
energy equals the bandgap energy of the semiconductor. During tnadmative recombination,
the electron energy is released in the form of phonons, whittte igbration energy of lattice

atoms. As a result, the electron energy is converted tbdhein the semiconductdfigure 8

(Pierret R. F., 19963hows the recombination process.

Conduction Band

[ ] [ ]
H U Ec
——— - - Et
___________ ——— E1
----------- H— &
Ev
0] 0]

Valence Band

Figure8: Generation an®RecombinationirSteady StatgPierret R. F., 1996)
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The lattice defects can include crystal defects, dislocatiorladtick dislocationThose
defects can introduce extra energy levels that different from the energy level of the original
semiconductor. It is very often that those defects introduce several energy levels that between the
forbidden gap of the semiconductdrhose energy levels are efficient recombination center,
especially if the energy level is close to the middle value of the forbidden gap. The recombination
of carriers in those energy level will be Aadiative recombination and transfer electron energy
to heat.

Shockley, Read and Hall analyzed the process of recombination via traps in details. The
nonradiative recombination rate through a trap of energgriel concentration of Ns given by:

P, * Dn+ N, * Dp + Dn* Dp (42)
n, +n, +Dn N p, + p, + Dp

N *v,*s, N;*v,*sn
Where @p equaadyarepen,t hendclwctron amdpaleol e t h

R=

the capture cross sections of the trapsai p are the electron and hot®ncentration whose

Fermi energy is the same with E

E - E, 43
n =n *exp(—————
1 i Xp(KB*T)
E, - Ei (44)
=n*e i L ——
pl i Xp(KB*T)

The time dependent carrier concentration can be calculated from the continuity equation:

dn®) _ o (45)
dt
Then the nowradiativelifetime of excess carriers can beadated by:

P + Ny +Dn (49)
no+n1+Dn+po+I01+Dp
N:*vy*s, N;y*v,*sn
Lotsofnonr adi ati ve carrierds recombination can

1
t

devices where abundant perturbatioh periodicity of a crystalexists The perturbation of
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periodicity of crystal lattice will introduce additional energy levels to the forbidden band gap. As
aresult,addition electrons states in the forbidden gap of the semiconductor appears. Atoms at the
surface dondét have the same bonding structure
It is possible that the surface electrons will rearrange themselves and form bonds between nearest
neighbors. This reconstruction will lead to a new atostiacture with different energy state
compared with bulk electrons. Their energy staveiy difficult to predictSurface recombination
will lead to nonradiative recombination and increase the heat of the surface. Both effects are
unwanted in the LE@evices.

There are several mechanisms that can causedadative carrier recombination in the
LED device. 8ockley Read Hall recombination, Auger recombinationsamthce recombination
are the dominated nenadiative carrier recombination. It is [silsle to reduce the nemadiative
recombinationhowever,it is impossible to get rid of it completely. Any semiconductor crystal
will have some native defects. The concentration of these crystal lattice can be low, it is never
zero.Also, semiconductor mahave chemical impurity. It is very difficult to fabricate materials
with high impurity levelsThe luminous efficiency has improved a lot since the firsVILED
are demonstrated. Most of the process are made by improving the crystal quality amdyriauci
defects inside the crystal lattices.

| f the radiativeantthenenat a dneat isv e elnioft @the me iUs
total recombination happened can be calculated as the sum of radiative aadiative carriers:

1_1,1 @7

[nr
The probability of radiative recombination over the total recombination is called the

r 1

r

internal quantum efficiency and is given by:
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1 (48)

"I T
I E
t, ot

The internal quantum efficiency calculates the ratio of emitted photons to the number of

nr

recombined carriers inside the semiconductblswever, not all emitted photons can escape from
the semiconductor device. Some of them may be reflected back byaHade of package and
semiconductodevice or even absorbed by the semiconductor material.

The light extraction efficiency of a LED is defined as the ratio of the number of photons
that comes out of the LED per second in the correct direction toutneer of photons emitted
from the active region of the LED per second. The exteqnahtumefficiency is the product of
extraction efficiency with internguantunefficiency. It is defined as the ratio betweenrthenber
of photons that come of the LERpsecond in the correct directiandthe number of charges
flowing into the device per second. The external quantum efficiency gives the ratio of the number
of useful photons to the number of the injected carriers. A simple designed LED device usually
doesndét work efficiently. Most of the photons
either reflected back or absorbed. It requires efforts to design the devices and package to increase
the external efficiencyi-rom the electrical power perspeéjthe power efficiency is calculated
as:

_P (49

PoveEr v

Where P is the total emitted power and IV is the electrical power provided to the LED
active region. It is also called wallplug efficiency.

LED emits lightthrough spontaneous recombination of electrole pairs, rather than

stimulated emission process. Spontaneous recombination will determine several optical

characteristics of LEPsuch as wavelength, light spectrum distributiime common spontaneous
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life time of carriers in the active region is range frorhOOns, which means the maximum
frequency of LED can achieve GHz easilyhese propertiemake it a very good candidate for
communi cati on. During t he ememywanitndalcnadett ason, t he

E=>*w=h*n (50

Where h is thekiBl i akeck 6csocotnasntant di vide

and v is the frequency of photonEhe awailable electrons energy bamdhgram has paratic
relation with wave vectorEnergy and moment conservation requires that the released photon
energyand moment should tee same with theecombined electrons and hol@e electrons
moment is larger than the photon momentura.keep moment conservatio, the electr
mo me nt canot change signi f i c aTheréforefod tadiative g t h e
recombination, the electrons will recombine with the hole that has nearly identocaéntum.
Since momentum equals h bar multiple k, electrofis@combine with holes that have the same
k. The momentum of photons can be calculated according to the following equation:

P=m*V = h k= h ,2*p _h*v (51
2*p 2*p / C
According to the conservation of momentum, the electron and holebhavdl the same

momentum, then the photonds energy can be wri
>2* 2 >2* 2 >?2 ¥ 2 (52)

h*n=Ec+ —- Ec- —=Eg+ ;
2*Me 2*Mhn 2*m;

Where m# is the reduced mass and equals:

1 (53)
1 1
* +7*

me mn

The probability ofelectrons and holes distribute gertain energy state obetfse Fermi

m, =

function atthermal equilibrium. At eachenergylevel the probability to have filled states is

different. The Fermi probability function is also cham@ecordingto the ambient tempeiare.
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The solution of Fermi probability function differenttemperature is given by the Ferirac
distribution function:

1 (54
(E - E; )

Kg*T
Where Eis theFermi energy of electrons in the solids. It is definethasenergy of the

f(E) =

1+exp

topmost filled level in the ground state of the N electron system. In one dimensicam Be

calculated as:

>2 N * 5
B, = (D) (59)
m 2*L
Where L equals N& and a is the lattice constaAtcording to the above equations, the
energy of an emitted photon from an LED is not simply equal to the band gap energy of the

semiconductor.

3

E \ Electrons in CB
E
?Holes mVB

Carrier Concentration per
unite energy

Figure9: Electron and Holes Distribution

The electrons and holes concentration igagabolic distribution along the energdn

energy band is actually a collection of discrete energy states from quantum mechanics. Each state
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is basically a solution to the Schrodinger's equation and has a k and E. The number of states per
energy intervaper volume, called density of states under periodic boundary condition which gets
rid of any surface and boundary issues. The electron concentration is a function of energy in the
conduction band and can be calculated as g(E)*f(E), where g(E) is ddrstiyes and f(E) is the
FermiDirac function which depicts the probability of finding an electron in a state at energy E.
Density of states is proportional to-E€)*°. The holes distribution is also follows production of
density of state and the probldlyifunction. Figure9 shows the energy distribution of the electrons
and holes:

The spectrum distribution of the LED depends on the electrons and holes distribution in
the energy band. There is a peak intensity in the spectrum. The spectrum width when the intensity

drops to the half is called the line widfhe emitted power can belculated by:

- (hv- E)) (56)
P, =Dy * (hv- E, )2 eXp(K—Tg)
B

Where DO is the density of state at specific energy E=hv. The rate of spontaneous emission
the rate at which photons are emitted. Therefore, the intensity is determined spontane@us emiss
spectrum.The emission spectrum intensity of LED is the production of density states with the
car r i er 6 srolhbilgyfumctiobas shown abov&he maximum intensity of the emission
spectrum happens at the Eg+0.5*K. It corresponds to thenergy of recombination where
electrons and holdsave the maximum concentratiofhe spectrum start at thequency whose
energy equals thieand gap energyhe spectrum distributiooorresponds with the electron hole
concentration along the energy diagralmh e | i newi dt h v gT.8othahepr ox i n
linewidth and the peak frequency is sensitive to the temperature. At high temperature, the intensity
of the spectrum wiltlecreaselue to highonradiativerecombnation rate. At the same time, the

spectrum will shift because the band gap is very sensitive to the ambient temperigsogethe
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linewidth of the spectrum will also increase which will make the spediatter. Intensity of the
spectrum can be alsdotted against the wavelength, since the wavelength and frequency can be

related by speedrigure10 shows the relative intensity of the emitted lighectrum:

Relative Intensity
| E, tkgT
1__ —_—
I
I
I
0 I : >
hv;hv, hvs
Eg

Figure10: Emitted Light Spectrum of LED

However, commercial LEDs has less asymmetrical spectrum output than the calculated
spectrum outThe shape cut off frequency is covered by some lower frequency. In the band
diagram, there should no states between the conduction band and the valence band. However, in
doped semiconductor, there are always some states inside the forbidden gap. Athtzskstates
allowed the density of state has a variation. As a result, the spectrum is not sharp afiyenere.
are several reasons that can cause band narrowing. The randomly distributed dopants and crystal
defects are the dominant reasons. In thesgmce of dopants and lattice defects, the assumed

period potentials didndét work anymor e.
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Figurell: Light intensity vs Curren{Schubert, 2006)

The intensity is the number of photons rather than the energy of phdtangnergy of
photons only depends on the frequenis.the current increase, the concentration of injected
carriers will increase als@hus,the recombination ahlight intensity vill increase. The intensity
of the light spectrum will increase corresponding to the increase of curféwt.relationship
between the output spectrum power and the current can be given based on the frequency and

wavelength which is shown below:

i (57)

F)out = a hexternal *—*hv
e
I:)out = a hexternal * }_* 1.24 (58)
According to the equation, the output spectrum power should always increase with the
increase of currenHowever, the increase in the outgpectrunpower is not linear with the LED

currentin real situatios. The typical output power will saturate with the increase of current as

shown in theFigurell (Schubert, 2006)
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There are several reasons caused the saturation of light diuipuirst reason is thioule
heating. The second reason is the carrier leakage loss. The last reason is the stimulated emission
during the recombination. TReule heating isalculatedoytheOh mé s: | aw

P=12*R 9

When the input current increase, there will be more and more heat generated. Heating of
the devices will increase the availability of much more photons in the material. As a result, the
nonradiative recombination start to dominate the recombination o€es external efficiency
of LED will reduce significantly. If a m junction is forward biased, the band diagram of n sided
will be lifted. The barrier for thelectrons will be reduced. In the p side, there are plenty of vacant
states. Therefore, théeetrons in the n side will simply rush to the p side and get collected. During
these process, there is no generation of photons. This is called carrier leakage current. Some
amount of carrier leak without leading to recombination. Stimulated emissidfergiat from the
previous phenomenon. It actualhcreaseshe light emitting. However, during the high current,
the previous two procestsill dominate the recombination process. Therefore, the output spectrum
power will saturate at higburrent, evenhte stimulated emission happens.

The output spectrum of LED depends not onlyttm semiconductor material baiso on
the structure of the-p junction. For a heavily dopedtype semiconductor, there are some many
donors that the electron wave funcsat those donors overlap to generate a narrow impurity band
centered at & but extending into the conduction bamtius,the donor impurity band overlaps the
conduction band. At high current levels, strong of minority current leads to the recombination time
depenling on the injection carrier concentration and hence on the current itself.

The spectrum width of LED is veryarrow which have several importagffects on the

light characteristics of LED. The emission spectrum of LED is narrower than the spectral width of
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a single color that human will perceive as a single color. Therefore, human will perceive that LED

light is single color.

1.4. HETEROJUNCTION STRUCTURE

There are two methods can be applied, in order to increase the internal quantum efficiency.
The first method is to increase the radiative recombination probability and the second method is
to decrease the neadiatve recombination probabilityAccording to the biomolecular
recombination rate equation, the radiative recombination rate will increase if theafres
concentration increase. Therefore, it is important to increase the injected carrier concentration in
the active region. Double heterojunction is an excellent method to increase the carrier
concentration in the active region.

In a normal pn junction diodes, the junctions are formed on the same material on-both n
region and gregion. Therefore,it is cdled homojunction. The building potentiahside the
junction is caused bine difference in the material doping. The govern equation is shown below:

(60)

*
Fy =F *In(Na N
n

)
In the hon!ojunction, it is very hard to achidugh electronsnd holes in the active region

due tolongdiffusionlength During the injection process, the injected carriers are distributed along

the devicgunction length which means the recombination process will happens long the device

length. Afte recombinationof the carriersthere is high possibility that the emitted photos are

reabsorbed by the semiconductince the emitted photomsusttravel a long distance before

escapeFigurel2 shows the carriers distribution in a forward biased homo junction (K&Bap,

2001)
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Figurel2: Carriers Distribution of forward biased homojuncti@®asap, 2001)

Figurel3: Heterojunction of LED(Kasap, 2001)

Extreme high doping is needddr the homo junction LED, in order to achieve high
injection levelsHowever the high dopingvill worsenthematerial quality and reduces efficiency;
it also further increases the absorptibor the homgunction LED, the pregion must be very
narrow to avoid the reabsorption of the emitted photons. Whenrdgagn is very naow, some
of the injected electrons will diffuse to the end akgion. As a result, it will recombine with the

electrons at the surface the junction. As mentioned earlier, the surface will have lots of crystal
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defects. The nenadiative recombination rateith increase significantly which will decrease the

light out and increase the junction temperature. Besides, if the recombination process happens
along the long diffusion length. The chance of reabsorptiorbedbmehigher, since the amount

of reabsorption increases with material volume.

The long diffusion path and corresponding lower carrier concentration can be avoided by
the employment of a double hetero structure. Today most LED device use multiple hetero
strucure.In the heterstructure the potential barriers for electrons and for holes are different. The
potential barriers for electrons and holes are determined by both the composition and the doping
difference. By adopting different material, the potentiaftriers can be changed. A double
heterojunction consists of an active region and two confinement layers. The active region is
sandwiched between the two confinement layers. The material of confinementhlaskenger
bandgap than the material of actiegion.Figure13 shows théheterojunction structure in LED

(Kasap, 2001)

Figurel4: Band diagam of a hetero junction LEQKasap, 2001)
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A double hetersstructure diode has two junctions which are between two different band
gap semiconductors (AlGaAs and GaAs). The band gap enelygafis is 2eV and band gap
energy of GaAs is 1.4e\Figure 14 shows the band diagram of a double hetero junction LED
(Kasap, 201) (Schubert, 2006)

The active region of the heterojunction is also called quantum well. The quantum well
providesa confinement of minority carrier injection which greatly increase the internal quantum
efficiency. Whena forward bias is applied to the junction, most of the voltage drops atrthe p
junction. The bias reduced the build in potential that formed by the carrier diffusion. This allow
the electrons in the conduction band to be injectamp region.However,this injected electron
is confined in the active region since this is a barrier between@eAs and pAlGaAs. The wide
AlGaAs junction forms a confining layer that restrict the injected electrons inside the quantum
well. The radiative recombination hagns in the quantum well results the spontaneous photon
emission Figure15 shows the carrier distributicof a heterojunction under forward big€asap,

2001)

XXX
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Figurel5: Forward biased heterojunctigiiKasap, 2001)
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Compared with the hompunction, the injected minority carriers are confined into the
thickness ofctive layer which will greatly increase the internal quantum efficiency. The emitted
photons can beeflectedto the active region and increase the light outptesthe emitted photons
canot b e bythe widegasemiemtuctor materiahnothe advantage of heterojunction
is that, there is very few lattice mismatch between the ttyp@ semiconductors. Therefore, the
strain induced interfacial defects such as dislocation isingignificant comparedith the defects

at the semiconductor sade in the homgunction LED.

1.5. EMISSION PATTERN

The | ight generated inside a semiconductor
totally internally reflected at the semiconduetar interface. If the emitted light ray is vertical to
the emitted sdace, light can escape from the semiconductor totally. However, if the lightitays
the emitted surface in an angle, reflection and refraction can magpeh will reduce the emitted
light intensity. Even worse if total internal reflection happens, the external quantum efficiency will
degrade significantly. Total internal reflection happens a lot in BDLED package which
consiss of highrefractiveindex materialPerformance of lighemitting diodes is defined to
the great extent by two figures of merit, the internal quarffiniency of the active region
and the light extraction efficiencyinternal quantum efficiencyeflects the quality ofthe
semiconductor and the hetero junctiguality. The internal quantum efficiency can be as high
as 90%. The extraction efficiendgpends on the designtbik optical package and can be as
low as 2%. Improvement of theminous efficiencyperformance requiresxtensivestudying
of opticaltransmissiomprocesses in the deviddoreover, the optimal design of the device can
vary depending on theptical properties of thenaterial that is used in the LEBince

extraction of light is related to the optical praies of material
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Assume that the angle of emitted light rays at the semicondaictmterface is given
byc. dThen the refracted ray of the incidence

at the semiconducteir interface. Then the angté incidence ray and the refracted ray can

be related by the Snell ds | aw
nair — Sin(qc) (61)
n,  sin(g)

Where gand nir are the refractive index of the semiconductor and the air respectively. The
critical angle for the total i nternal refl ect
critical angle is:

4 62
g. = arcsin@) 62
nS

Therefractive index for semiconductor is quite high compared with airekample the
refractive index of GaAs is 3.4. According to the above equation, the critical angle of total internal
reflection is:17° which is quite small. Most of the emitted lightsreflectedto the semiconductor

area. As a result, the extraction efficiency is quite low.

Air
Epoxy ne
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Active Layer

Semiconductor

Absorbing Substrate

Figurel6: Light Escape con€Schubert, 2006)
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If the critical angle was rotated 360°, this emitted ray f@iin a cone which is defined as
the light escape cone. Light emitted into this cone can escape from the semiconductor. The left
lights are subjected to total internal reflection. The light esacame is illustrated ifigure 16
(Schubert, 2006)

If a light source is emitting owtnergy Rourcefrom a pointlike source in a semiconductor
active region. Then the power can oelyit out from the light escape cone. The surface area of

the cone with radius r can be calculated by:

T . , (63
A=pA= fR*p*sing**r*dg=2*p*r-*(1- cosq,)
g=0
Then the power that can escape from teemiconductor can be calculated by:
_ o« 2%p*r’*(1- cosg,) _ (1- cosg,) (64)
Pescape_ I:)source 4% ,0* r2 - 2

The result indicates that only a fraction of the emitted photons can escape from the
semiconductorThe fractionof escaped lighis in cosinerelation withthe critical angle of total
internal reflection. The critical angle of the total internal reflection is very small forihagx
materials such aSaAs. The escape problem is a significant probleniigh efficiency LED. In
most semiconductors, the refractive index is quite large. resut,the extraction efficiency is
very small. For GaAs, the critical angle is 17.9° and the extraction efficiencyc@s(17.9°))/2,
which yields the fraction of light that can escape is 2.21%. This is a quite small. The escape
problem is less significant isemiconductor with small refractive index, such as polymer whose
refractive index is 1.5.

The light extraction efficiency can be greatly increbsea domeshaped encapsulation
was used. The encapsulation has a higher refractive icmiepared with airAs aresult, the

critical angle for the total internal reflection will be increase by:
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n 6
9 :arcsin@) (69)

semi

The ratio of extraction efficiency with and without epoxy encapsulation can be calculated

by:

h 1- cosg,

epoxy __ C,EpOXy)

h, 1- COS@c,air)

air

Wh e rcgoxy@l N dairadfe the critical angles for air and epoxy. Since epwghigher

(66)

refractive index than air, the critical angle of total internal reflection of epoxy is higher than air.
Thus, total interral reflection losses in epoxy is smaller. The refractive index of encapsulation
epoxy can range from :K4.8 and it will increase the extraction efficiency by 26000%.

The refractive index differences of the semiconductor and the surrounding datapsu
lead LED to emit light different emissiqmattern. The spontaneous recombination emits photos
isotopically in different angleBy tuning the geometrical parameters of the encapsulated lens,
LEDs can come in many varieties and with a wide ranged@dtian patterng-igurel? (Davidson,

n.d.shows various emission pattern of LED.

LED Far-Field Emission Patterns

Planar LED Hemispherical LED Parabolic LED
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Figurel7: LED emission patter(Davidson, n.d.)
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The emission beam angle of LED can range from narrow to wide and is determined by the
geometry of the lens. Most planar emitters exhibit a Lambertian emission pattern where the
intensity profile is proportional to the cosine of the emission angle, whicleasured from the
axis perpendicular to the die surface. Assume a point source in the active region which is below

the semiconductor air interface. The emitted light ray is refracted at the semicoraductor

interface. The refracted ray hasanangleafnd t he i ncidence ray has a
to the surface normalhesetwoanglesr e r el ated by Snell 6s | aw. L
dd in the semiconductor is emit#figukldi nto the a

Arrn,;,

Semicond
uctor 1,

Light Source

Figurel8:. Gemoetrical Used to Calculate the light pattern

Light emitted into the angl e dihetwwédéen bad rear

dad can be related together by Snell ds | aw.
6
dF:nS* dg 67
nair COS@)
The area el ement of dd and ddog in the air-r an
dA, =2*p*r*sinF *dF (69)
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dA. ., =2* p*r*sing*dg (69)
This surface element can be relatgdtibe energy conservatiohe power of the light

emitted into the angl eAldsioeqda@l and hedd |l amdtc g

also.The conclusiortan be expressed as:

nS’ , g*dg (70)
0 cost)

Wherelsand I arethe light intensities (W/R) in the semiconductor and als should

[ *2*p*r*sing*r*dg=1,2*p*r?*

equalPsourcedividedb y  42*Then kircan be calculated as:

_ Psource* nairz - - sin q (71)
Iair_—cosq—

4*p*r2*nsz

Since d is smal/l, the |ight intensity in t
depends on d. This cosine |light intensity patt

of 60°, the light intensity will decrease to half of the maximvalue.

One of the mostritical issuedn the high efficiency LED is the occurrence of toéal
internalreflection. The critical angle for high refractive index semiconductor is so small that most
of the emitted rays aneflected Thus, most of théght emitted by the active region is trapped
inside the semiconductor. The trapped light has high possibility to be reabsorbed by the substrate.
LED with hemisphere dom#éke lens have been demonstrated to improve extract efficiency, since
thesiliconelens will have higher refractive index compared with air.

Epitaxial growth is the most important process during the semiconductor device
fabrication.Thus,most of the LED is in vertical structure. The extraction efficiency would be very
high if LED canbe built into a sphere shape with a point light active region inside. Then, the
internal total reflection would not happen. Another design can also increase the extraction
efficiency which already has been fabricated. In this structure, the semicorgiuciorface was

etched to forms a cone structufde light rays that hit the corar boundary are either transmit
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through the interface or guided by the cone. The guided light undergoes seflecéionsand
ultimately escape from the cone. Therefdine, total internal reflection is avoided. An LED with
cylinder shape also increase the extraction efficiency. On the top of the LED, there will be total
internal reflectionHowever,on the edge of the cylinder, the total internal reflection will gisap.

The round source will form an escape ring and improve the extraction efficiency significantly.
Etched surface and cylinder LED can both increase the extraction efficiency. However, they will

also increase processing steps compared with cubic LED.

1.6. HiGH POWER PACKAGE

lll-V Material system is currently the only practical solution for short wavelength
semiconductor emitter. Several technioghrovementsn the 90s enables the fast process in the
fabrication of blue LEDThere are two fundamental reasda choose the Hhitride for blue light
sources. The foremost reason is that AIN, GaN and InN have direct band gap energies of 6.2, 3.4
and 0.7 eV, respectively, at rodemperatureso they cover the spectra from ultraviolet (UV) to
the entire visiblespectrum. The other main advantage ofNlIlover other wideband
semiconductors is the stronger chemical bond, which makes the nitride very stable and resistant to
degradation under strong electric current and high temperatigemiconductor materialscms
are organized in threedimensionalattice, where the same periodic structure is repeated over the
space of the crystalrhe future especially for general lighting application is promising, since white
light can be produced by exciting wide band gptwors by blue or U\LEDs (Xie, 2007) The
driving force behind the fast development ofNMlIsemiconductors has been the demand for short
wavelength emitters. To date there exists only a few semiconductor material systems suitable for
such applications. The first nitrideased LED with exteal quantum efficiency of 2.7 % was

commercialized in 1993. The first LEDs employing InGaN/GaN quantum wells were fabricated
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in 1995. Currently the Hhitrides are considered as the best material system for efficiert solid
state lighting.

Generally, the tsucture of an LED is a combination of several semiconductor epitaxial
films which growon a suitable substrafEhere are two most used techniques that have been very
popular in the production process. The first is called molecular beam epitaxy (MBEyeand
second method is called metal organic chemical vapor depositiol€Wd MOCVD is a
technique for depositing thin layers of atoms onto a semiconductor wafer. Many layers can be built
up to create a material which has specific optical and electriopégies. A feature of MOCVD
technology is that it can create a thin uniform film in nanometer units. This is a really dominant
feature for growing the GaN layers on a sapphire subsbating the growth procesthe vapor
transport ofthe precursors ahsubsequent reactions of grellipalkyls and groupV hydrides
happens in a heated zone. In the MOCVD machine, epitaxial layers were grown on (0001)
orientated sapphire substrate. During the growth, the chamber pressure was controll&Dat 100
Torr. Trimethylaluminum (TMAI), trimethylgallium (TMGa), trimethylindium (TMIn) and
ammonia (NH3) were used as aluminum, gallium, indium and nitrogen sources, respectively.
Critical dimension is the thickness of the epitaxidlgyer. The thickness should be larghan
the diffusion length of electrons. In other words, the electrons should recombine radiative in the
epitaxial grown p layer before reaching the surface. THayer should be of sufficiently high
guality to meet the condition for efficient recomdiilon. In addition, the side surfaces may have
to be etched to remove damage. Damage and other defects wherenthagption intercepts the
chip surface can lead to a substantial leakage current that reduces efficiency, especially at low
drive levels. During the doping process, Biscyclopentadienyl magne¢$Cir2Mg) and disilane

(Si2H6) were used as thetype and rype doping source, respectively.
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Prior to the epitaxial growth, the whole substrates were cleaned®HH>O; (3:1)
solution for 10 mintes. Then the substrate was etched in 2% HF solution and rinsed in deionized
water, followed by M blow-drying. After loading, an in situ thermal cleaning procedure was
applied to the sapphire substrates for 10 min at 1080°C under H2 ambient to renvevexidée
from the substrate surfacester the thermal cleaning process, a GaN buffer layer of 30nm was
deposited at 525AC. After that, the temperatu
|l ayer and t he ndoped, Atype nGaNt layerdhe substrate temperature was
subsequently ramped down to grow the InGaN well layer at 715 C and grow the GaN barrier layer
at 840°C. The InGaN/GaNMQW active region consists of three pairs of 3 nm thick In0.4G6a0.6N
well layers and 10 nm thick Gabarrierlayers.After the growth of the active region, a 30 nm
GaN cap layer was grown on the mugjtiantum wells and the substrate temperature was elevated
to 727°C to grow 250-nmthick Mg-doped ptype GaN layerigurel9shows the epitaxial layers

on the substrattNguyen, 2010fNeudeck, 2002)

p-GalN

Active region (MQW)
n-GaN
GaN

Figurel9: Vertical Structure bLED. (Nguyen, 2010)
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After the annealing, the surface of the sammestched until the #type GaN layer was
exposed fothe ohmic contact. The conductivity oftype GaN is not good enough for current
spread. A Ni/Au contacts were evaporated on tiigop GaN to servasthe semitransparent
metal ohmic contadb improve the holes current spre@tien a 200 nm Au contaatas deposited
on top of the semransparent layer to serve as the p electrode. On the other hand, Ti/Al/Ni/Au
(20 nm/200 nm/30 nm/100 nm) contacts were deposited onto the expbgesl @aN layer to
serve as the-type electrode. The fabrication of thed LED was finished and the scheme diagram

is shownin Figure20 (Nguyen, 201Q)

p-contact

n-contact

Figure20: Sctheme diagram of a blue LED chiiNguyen, 2010)

The performance and efficiency of LED is growing up at an incredible speed recently.
Different architectures had been built to increase the photon extraction efficiency which make the
LED brighter. There are three kinds of architectures now available iménket. Few years ago,
the most popular LED package is LLED (Lateral LED structure) and it is also the most established
LED design. The second LED structure is called TF (thin film) LED and it also called VLED,

because of its vertical architecture. Tiird and also the latest is called FCTF LED. FCTF
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standards for flip chip thin film. This structure is the combination of TF technology and FC
technology. This kind of design is produced by bonding afLED chip that has an anode and
cathode on the samigls to a package with two interconne@®mpetition has fueled the creation

of novel device architectures with improved phettraction efficiencies, which have in turn

(@}

increased the chipbs brightness anplicationsttoput p o
these devices, and brought their characteristics more closely in line with the requirements for
widespread deployment in solédate lighting. Vertical thin film InGaN/GaN design is one of the

famous among the many LEDs structuréigiure 21shows the scheme diagram of the thin film

vertical structure.

n-GaN
MQW

Figure21: Vertical Thin Film LED

During the construction of the VLED, the epitaxial layer was grown on the sapphire
substrate]. Usually the epitaxial layer has three parts. The bottom laysmis GaN. On the top
of n-type GaN, multiple layer of quantum well (MQW) active region wadt.bitype GaN was
on the top of the epitaxial layer. After the growth of the epitaxial layer, a high reflective metal
contact was deposited on thaide of the wafer as p contact by electbmam evaporation. After

that, the p side was bonded to an imediate conductive substrate. Laser assisted lift off help to
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remove the sapphire substrate and expose tigpenGaN surface. Now, the epitaxial layer is
totally upside down with #tiype GaN of the top. Wire bond and patterned metallic n contact was

addedto connect the chip with the substraggure 22 shows the fabrication process of vertical

thin film LED.
Sapphire
Gl LED Engine
Active Region
Metal Adhesive Sapphire
: = I |
H{e‘a‘ Bonding 1 ED Engine B | 5D Engine
Metal Adhesive Metal Adhesive
Metal Adhesi . )
© eSIVe Si Substrate Si Substrate

Si Substrate

Figure22: Fabriation process of vertical thin film LED

Compared with the lateral structure, the vertical thin film LED struataesnot have the
wire bond and the solder ballgsed for internal connectidmave better heat conductivity. The
disadvantages of the vericthin film LED are theconsequence of its structure. The vertical thin
film LED is usually produced by depositing a higdflective metal contract onto thetype GaN.
After the deposition, the whole substrate is bonded to an intermediate conductivatsitbs
maintain the device integrity in the following fabrication process. Liafeoff helps remove the
sapphire substrate. The result structure has two major drawbacks. The first is the intermediate
substrate increase the thermal resistance of ttleapga. Also, itmustbe carefully chosen to match

with thermal expansion coefficient of GaN. Otherwise, the thermal stress will cause device failure.
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The other disadvantage of the vertical thin film structure is the wire bound used hedh&aat.

The patternedec ont act reduces the chipbs effective el

light emission. These wire bonds are particularly irksome in the tightly packed chip arrays used in

projection displays and some illumination systems, asiti@gase the distance from the surface

of the LED to the primary optic. The greater distance either increases the size, weight and cost of

the optic, or it decreases the systemds effic
The newest LED structure is called thin film flip chip LED. i ktructure units the thin

film and flip-chip technology. It combines the manufacturing merits of both approaches, and is

produced by taking an FCED chip that has an anode and cathode on the same side and bonding

it to a sub mount or package using Vi@gure 23 shows the scheme diagram of a TFFC LED

structure

n-GaN

MQW
-GaN

Submount

Figure23: Thin film flip chip LED.

A laser liftoff processremoves the sapphire substrate before pledéetricalchemical

etching of the top GaN layeiThe process will roughen the top surface and create patterns which
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will disrupt wave-guiding in the high refctive index epitaxial layers and increase the extmnactio
efficiency.Compared with the vertical thinfil LED, the distance between the surface of the LED
and the silicone lens amuch smaller. Therefore, the thin film flip chip LED can allow compact

package, as electrical connections are removed to tharboftthe device.

1.7. WHITE LIGHT

White light is the most used commercial color of light industry. There are various
spectrust hat can be preserved (8chubert2006)EREE,2QLBt by h
The Planckian black body radiation spectrum is treated as the base line and standard for the white
light source. The unique characteristics of the Planckian black body radiation is the color
temperature. It allows to describe the speutrwith just on parameter, namely the color
temperatur e. Al so, the Planckianbés radiation
l' ight i s actually Pl anck haaawide specaumniwaithiinoludes Wh i
both visible spectim and invisible spectrunthe blackbody spectrum was first derived by Max

Plank and is given by:

Z*h*02 (72)
(/)= hre
/%% (expl-———)-1
@)Y
The inside of the humanés eyeball is ¢l ad

The etina cell includes lighsensitive rod cell and cone cells. Rod €e@liemore lightsensitive

than the cone cell. Rods cell are sensitive over the whole visible spectrum. On the other side, cone
cell only has three types and each type is sensitive te@oe Cone cellaresensitive to red,

green, and blue spectrum rangéhigh ambient light level, the vision is dominated by cones. At

low ambient light levels, the vision is mediated by rods. Therefore, rod cell has higher sensitivity

73



than cone cellsHowever, the sense of color is essentially lost in the low ambient light, because
rods is not very sensitive to color compared with cone cells.

The eye has different sensitivity over the whole visible spectrum. CIE introduced the
photopic sensitivittf uncti on V(&) in 1931 and revised it

function(Zukauskas, 2002 he photopic sensitivity function is shownRigure24.
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Figure24: Eye Sensitivity Functiar(Zukauskas, 2002)

LED market began to open up in the 1960 with low brightness red LED workiregl as
indicator in electrical products. As the technology develops especially high power LEDs become
more and more efficient. The number of possible applications increases dramatically. A highly
interestingarea with huge potential market is baseavbite light sourceThe share of LED in the
backlighting market is expected to peak soon, at close to 100 percent in 2016. The market is then
likely to shift from LCD TV to OLED TV, which does not use backlighting. Also, LED is now

penetrating general lightinghich is the mainstream of the lighting market.
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It is set to become the next standard in the general lighting source market. There are several
ways to generate daylight illumination spectrum from LED. The general daylight illumination
sourcehassome requst to be satisfiedt should be more efficient than the current general light
source such as incandescent lamp and compact fluorescence\lamphe light source should
have high color rendering index to reveal the true color of objgatsto the masve production,
the new standard light source should have low cost manufacturabilitpeadvironmental
benignity.This unique propertgllows LED to compete with conventional illumination source, in

particular incandescent and fluorescent lamps.

A\

——
o
e

Figure25: Color Mixing LEDs

Light is perceived as a white light source is the spectrum of the illumination is perceived
as white bycones in the retinalhe generation of white light spectrum can be achieved in several
possiblespectra LEDs are inherently monochromatic light source which means that LEDs can
only emit the spectrum of one color. The creation of white LED requires at least two LEDs which
have different colos. Based on the number of LED used in one package, thetarae types of

color mixing methodFigure25 shows the combination of color mix LEDs.
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The first method requires two LEDs. One emits blue colotlamdther LED emits yellow
color. The white color can also be obtained by three LEDs, blue, green and red LED. The last
method requires four LED which are blue, cyan, green and red EBEh configuration has
different luminous efficiency and color rendwey properties. High luminous flux and high color
rendering index are always desirablhere is fundamental disadvantage of color mix LEDs. It is
very difficult to achieve both high luminous efficacy and high color render index. Usually two
color mixingwhite LED has the highest luminous efficacy and poorest color riegdedex.
Three color mixing white LED has acceptable color render index and luminous efficadguirhe
color mixing white LED has the best color rendering index.

High quality white isusually generated with thiareecolor mixing method(Schubert,
2006) Thronton (1971) showed that mixing of three monochromatic LED with peak wavelength
of 450nm, 540nm and 610 nm can generate high quality white color source.i§ kar®us
possible combination for thtreecolor mixing method. To obtain a high luminoeficiency of
radiation the wavelengthwithin the visible spectrum should not be used. The color render index
is very sensitive to the peak wavelength used for the color mixing.

White spectrum generated by color mixing is very sensitive to the ambrapttature,
since the emission power and peak wavelength of the device have a different temperature
dependence. As a result, the chromaticity point of a fh& white source changes with
temperature. It is shown that the chromaticity point will shiftao¥g higher color temperature as
temperature increases. This can be explained by the stronger temperature dependency of red LED
device. This color chromaticity shift that caused by temperature can be fixed with a power control

circuit of each LED. The teperature of ambient environment is monitored and the electric power
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of each LED can be adjusted using the known temperature dependency. However, this method

canodét adjust the shift of spectrum caused by

1.8. PHOSPHOR CONVERTED LED

The commercial method generating white light is to apply phosphor. Partial light of
monochromatic emitting LED is used to excite one or sey@rabphors The combination of
residue light and the excited light witirm the white spectrum. There are seVditierentmethods
to generate white light spectrum based on phosphors excited by semiconduct@@dtiibert,

2006) These approachese either blue LED or UV LED as the excitation sourogure26 shows
the recombination of excitation source and applied phosphor.

The luminous efficiency decrease with increasinthefthickness and concentratiorttod
phosphor, becaasthe excitation process is not 100% efficient. The color rendering index could
reach 1006 for the UV LED with four differenpphosphorsThe conversion process of the short
wavelength to the long wavelength light is called fluorescence. Fluorescenceeimifiseon of
light by a substance that has absorbed light or other electromagnetic radiation. It is a form of
luminescence. In most cases, the emitted light has a longer wavelength, and therefore lower energy,
than the absorbed radiation. Compared withsphorescence, thifuorescent materials would

cease to glow immediately, if the excitation source is moved away.
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Elue LED + Blue LED +
Yellow Phosphor Yellow and Eed
Phosphor

Blue and Red LED UV LED * Blue,
+ Green Phosphor Cyan, Green and Red

Phosphor

Figure26: White Source LED with Phosphor excited by Blue or UV LED

The conversion efficiency of the fluorescestdetermined by two factgr namely the
external quantum efficiency and the inherent energy lose during the wavelength conversion. The
external quantm efficiency of the coversion is the produadf internal efficiency and the

extraction efficiencyRohwer, 2003)

h =hA (73

internal

*h

The internal quantum efficiency depends onititeerent conversion loss the material,

external extractior

whereas the extraction efficiency depends on the spatial distribution of the material. In general,

the thin film structure has higher extraction efficiency. Therefore, it is desirable to deploy the
phosphor coating in the form of thinrfil The emission wavelength is usually higher than the
excitation spectrum wavelength. The inherent conversion loss is caitdes shift when
converting a phoit@n awipthiot waav evli ¢ thg tah hagher wav

74
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The inherent wavelengitonversion loss is the fundamental reason that phosphor
converted LED is less efficient than the color mix LED white spectrum The Stokes shiftis
the highest when UV LED is used as the excitaiource and red phosphor is applied on the top
of the die Most white LED use short wavelength as the excitation source and a phosphor that can
generate longer wavelength. Some of the light emitted by short wavelength emitter is absorbed in
the phosphorrad then reemittingaslonger wavelength light. As a result, the phosphor converted
LED has at least two different peak wavelengths. During the design of phosphor converted LEDs,
there are two parameters that need to be considered, namely luminousasffarid color render
index.In someapplicationthe luminous efficiency is the primary criterial of design such as road
light. However, for illumination application, both the luminous efficiency and color render index
are important. A white light sourcewt h sunés spectrum wongindex. have t
T he s un 6 aswny bightretativenintensity at the boundary of visible spectrum (390nm
and 780nm)Thus,e x act dupl i cat i onanaekcellsnuchoictr white EEOt r um i
When the chip is driven under certain current, blue light is emitted by the InGaN chip
through electroihole recombination in thei p junctions. Some of the blue light from the LED
excites the YAG:Ce phosphor to emit yellow light, and then the rest bfubdight is mixed with
the yellow light to generate white light. There has been extensive research and development for
phosphors. Many traditionghosphorsi s ed i n compact fluorescence
because those phos phblue lED cGdiatioh.tMosa df the medds foriLBD e t
phosphors have been met by the development of new mateBairing last 10 yearsjarious
phosphors havieeendiscovered. LEODphosphors has moved from a singtesphor composition
Y 3Als012:Ce** (YAG:Ce)to various nitride, sulfide phosphor, This development has helped white

LED cover a full range oforrelated color temperature
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Cool White LED Spectrum
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Figure27: Typical Cool White LED Spectrum

For cool white LED, YAG:Ce phosphor is the most used &#¢5:Ce absorbs blue LED
radiation and emits yellow light via the fluorescence progesbwer, 2003)The yellow emission
from YAG: Ce and the blue radiation that d@dbl ee
white lightwith a daylightlike color temperature (CCT > 4000 K) and reasonable color rendering
(CRI ~70 80), enabling pcLEDs to be used in many applications where color quality is not a key
requirement, including backlights for portable displays and indicefayare27 shows a typical
YAG:Ce phosphor converted LED spectrum.

However, peWhite LEDs made by means of blu&€D + YAG:Ce yellow phosphors
suffer someveaknesses, such as poor color rendering index and low stability of color temperature.
The reason is that only YAG:Ce phosphor is apptiadop of the blue emittefherefore, the
emitted spectrums limited to high CCTs and lower CRIs, due to a lack ofed spectral
component. Since the white light is generated by the combination of blue light emitted by an LED
chip and yellow light emitted by YAG:Ce phosphors, deterioration of the chip or YAG:Ce
phosphors would cause some significant color changes.
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The sulfide phosphors could increase the red component of the spectrum. On the other
hand, there are drawbacks that prevents sulfide phosphor from being used thEizipdustry.
The synthesis process of sulfide phospleguirestoxic H>S atmospheres oraw create BS as a
by-product. Sulfide product could damage the optical parts of the LED package and lead
contamination. Besides, sulfide phosphors are very sensitive to ambient humidity which is very
common for general light application.Compared with dfide phosphor material, nitride
phosphors doped with Ethave several advantages. Many of these nitride phosphors could match

the quantum efficiency of YAG:Ce at room temperature

Warm White LED Spectrum
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Figure28 Warm White LED spectrum

The Ed¥* doped nitride phosphor could be blended with YAG:Ce phosphor to generate
warm white spectrum. For example, phosphor blends of YAG:Ce and CaAISiN3:Eu2+ combined
with blue LEDs can be used for high CRI, warm white larfipshwer, 2003) There are some
disadvantages of nitride phosphor. It is much more difficult to synthesize nitride phosphor than
the normal phosphors. Higher temperature is required during the synthesis. Compared with cool
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white, the warm white LED has relative largred spectrum content and thus have higher CRI
value. Also, theemissionspectrumpeak wavelength is higher than cool white LED spectrum.

Figure28 shows a typical spectrum of warm white LED.
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2. LI TERATUWRENI EW

Thischaptewill depictthecurrentreliability issueghatrelatedio theLED. Also, available
lifetime prediction models andustrated The major causes of failures can be divided into three
groups, die failure, interconnect failure, and packad@ted failureThe LED device reliability
sectionwill summarize previously reported failuneechanisra that related to the semiatuctor
device region of LEDd afont, 2012 Chang, 2012)The package reliability section will illustrate
previously published reseaetrelated to the degradation of the package compor{eitips
Lumileds Lighting Company, 200@u, 2012) Thelifetime modelsection will discuss theurrent
availablemethodsand techniquefor theprediction of the remaining useful life

During the last yearamany efforts have been done in order to improve the luminous flux.
As a result, LED with an output of several watts are now commercially available on the market.
High Power LED means high light quuit, as well as high temperature. Therefdine,importance
of devices and package thermal management become more obvious. Thermal resistance and
capacity must be optimized to obtain longer life time. The development of high power LED
necessitates the understanding of the fundamental failure meokasfis EDs.

The LED industry is facing changelingile attracting widespread consumption_&Ds.
One issue of concern is price, and another is lack of information regarding reliability. The life of
LED can bevery long and it is very difficult to report the lifetime basedaoshortexperiment.
Another reason is that LED is a point source which means each LED can only cover a limited area.
If one singleLED failures, the final produds sometimes treated asléd. The failure of LEDs in
an LCD display is critical, even when only a single LED package experiences changes in optical

properties. The failure of an LED or LEDs in an LCD display can cause a dark area or rainbow

83



colored area to appear on the LCDesar. Therefore, reliability of LED is very crucial for the LED
industry.

A LED package is consisted of two major parts, namely semiconductor device and
package. Literature is available on a wide variety of aspects, such as the semiconductor device,
encgsulation materials, phosphors and LEDs.tAdlse degradationsill lead the decrease of the
luminous flux and modification of the spectral properties. The degradation of the semiconductor
device and package were found to have different origin and phykiese indicates that the optical
power output decrease is not based on one single failure mechanisms. During the last period, many
works on LEDs degradation have been published. Most of the papers described the behavior of
LEDs subjected to either highrivard currenbr high ambient temperaturelowever,in the real
situation, no commercial LEDs will be running at such high temperature and current. It is not either
power efficientor luminous efficient at that condition. Most of the degradation conoes fwo
contributing factors: high junction temperature and moisture ingress. However, there is no
published iteratures that investigate the failure mechanisms that related to high temperature and

high humidity whichis essential to understanding the lgagn reliability ofcommercialLES.

2.1. LED SEMICONDUCTOR DEVICE RELIABILITY

The LED semiconductor device is composed-afjpnction, multiple hetero barrier. LEDs
emit light due to the minority carrier injection and electroluminescence effects. Whemthe p
junction is forward biased, electron in thgumction will be injected to the quantum well and
recombine with the hole. The active region of perfect LED will emitgiregon for everglectron
injected. Thus, an ideal LED hae internal quantum efficiencgf unity. The LED die is a
semiconductor device and the fabrication process is similar with the process of microelectronics.

However,there are some uniquyaocess involvedThe fabrication process, material used and
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unique of LED lead to different failarmechanismgsaN based compounds semiconductors are
great candidates for applications of hegtergyoptical electrons, because of their large direct band
gap. These materials are appropriate for short wavelength LED, such as blue and UV LED. High
brightress GaNbased LEDsrecommercially available on the market now. The progress in the
GaNbased LEDs and laser diodes is remarkable. In the ideal LEDs, the light output should be
proportional to the forward curre(itu G. S., 2009)However, in real case, the output power will
saturate as the forward current increase. There are several reasons that could leads the saturation
of the output light power at high ambient temperature and high injection current, such as joule
heating ad leakage current.

The most often failurenode caused by die degradation is the decrease of light output
(Meneghini M. P., 2006)Meneghini M. T., 2010§jMeneghini M. T., 2008JJEDEC, 2006) The
light output degradation is due to the increase ofnagintive recombination. Thermal stress
increases the number of defeittehe crystal which willead to SRH recombinaticand shift the
electrical properties of the semiconductor devitislocation is one of the common defects in the
crystals. Itacts as nonrradiative recombination centers cause limitation of stable operation for
optical devices under high injected currdensity. It is widely recognized that high density of
dislocations which act as nonradioactive recombination centers, are introduced during the epitaxial
layers grovth processEven moderate dislocation densities can impose an upper limit to minority
carier lifetime. These recombination centers reduce the efficiency of LEDs and lasers by
effectively competing with radiative recombination patbBsslocations migrate during device
operation under high injected current density and ambient temperaturesattdrr limited state

operation of optical devices.
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Anothereffectthat reduces the internal quantum is daek spo effects during the high
injected current density. The emitted light power of the ®abkked LED strongly depends on the
injected currentensity and the radiative recombination rate. Therefore, either the defects or the
darksporteffects will reduce the light output and reduce the lifetime of LEDs. During the operation
of LED based illumination source, high current density and tempersthé®s could leatb the
formation of defects and reduce the internal quantum efficiency dramatkigllye29 shows the

light output vs injected current curve of InGaN/AlGaN LED on the sapphire substrate under dc

operation at 30°CEgawa, 1997)
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Figure29: Light output injected current characteristic of the InGaN/AlIGaN LED on sapphire
under dc operation at 30 °C. The inset shows the aging result under a constant curren density of
60A/cnt at 30 °C(Egawa, 1997)

The Ight output power increasdinearly with the increase of forward current, and
saturated at a high injected current due to joule heating and leakage current. Tesulissalso
confirmed the stable operation of GaN LED at relatively low current demditgh is up to 3000
hours under aging conditionrHowever, GaNoased LED exhibited electrical and optical
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degradation under high injection current density and ambient tempefBterestability can be

examined by the measurement of the emitted spectuiifferent injection current. The emission

spectra at various dc currents are showrigure30 (Egawa, 1997)
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Figure30: Emission Spectm of GaN based LED at various injected curr@agawa, 1997)

At low injected current, the emitted spectrum is centered at 443nm wavelength and has a
broad spontaneous emissi¢diowever, when the injected current increases, the emission spectrum
increased and a new emission is observed at 38Qnmrder to study the optical degradation
processglectroluminescencienages were token on the GaN based LBDwas confirmed that
the degraded characteristics of GaN based LED arise from the generation-spatadefects.

Figure31 shows the expansion of the dasot defects during the aging tésgawa, 1997)
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Figure31l: EL image of 67 hours of degradatigegawa, 1997)

Figure32: EL images of 310 hours of degradatifiagawa, 1997)

These dark sports act as the smadiative recombination centewghich will reduce the
internal quantum efficiencylhe dark sports become darker anddize become larger with the
aging procesg-igure32 shows he EL image o810-houraging(Egawa, 1997)

The reason why the dark spots and region were observed at the corner of the electrode is
that the injected current density concentrates at that location. Therefore, the decteadiglof
output at high injection current and temperature is caused by the formation of the dark region,

which act as nomadiative recombination region.
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Dark sport effects are rapid degradation and can be reduced in the state of the art LEDs as
a resultof continuous improvement of material growth and device process techniques. GaN based
LED also exhibit a slow degradation of luminous flux. This slow degradation is generally related
to the generation and diffusion of point defects. Those defects aohaadiative recombination
centers and carrier tunneling channels. The forwddharacteristics of the LED before and after

stress are shown Figure33 (Cao, 2003)
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Figure33: Forward #V characteritics of GaN based LE[Tao, 2003)

The low injection characteristics are dominated by carrier tunneling to the active region.
This tunneling behavior has been extensively observed in GaN based LED, becaubkgbfythe
dopedjunction and high density defects in the space charge regiondégradation of the-V
curve is a manifestation of slow generation of defects. At high current density, large amounts of
heat generated in the active layer where the majority of the carriers recombine. As a result, the
temperature in the junction will begh. Hot carriers can transfer enough eng¢ogfe lattice. This

energy will displace the atoms and break the metal bonds. Those thermal energy assisted defects
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occurin the InGaN layers where the bonding energy is the smallest. The defect formatan coul
also be enhanced by a nmadiative recombination process in the active region
Figure 34 shows the EL spectra of the LEDs measured at pristine condition and the 120

hours stressed conditig@ao, 2003)
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Figure34: EL Spectrm of GaN based LEJCao, 2003)

The EL spectra of the control LEDs show two luminescence bands centered at about 405
and 580 nm, which correspond to the badde emission and defect related yellow emission,
respectively. The relative intensity of the two bands is a strong functiom afijgction current.

The emission band associated with-pxésting defects in the LEDs offers us the chance to observe
defect migration and generation during the stress tests. The intrtbigyyellow band is strongly
affected by the defects in the i@et layer. As the stress continues, more and more defects are

generated in the active region.
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Figure35:Optical power measurment of the passivated and unpassivated LED at 250°C
(Meneghini M. P., 2006)

During the fabrication process;tgpe GaN layer was obtained using magnesium as
acceptor. Hydrogen is introduced during growth process in compensating acceptor doping. After
the growth, the doping can be activated by means ofelogvgy electroitbeam iradiation and
high temperature annealing. GaN LEDs can fail after-teghperature stress (250°G00°C)
even without bias. The main identified degradation mechawasemission crowding and series
resistance increase. The failure mechanism is the mesémydrogen which at high temperature
can diffuse in the fayer and generate Mg bonds.As a result, this reaction will ruin the active
doping and reduce the device performance. The experiment was carried out by comparing the
behavior of GaN LEDs wit and without a hydrogernch SiN passivation layer during thermal
stress by means of a combined electrical and optical characterization.

The devices with and without passivation were subjected to thermal storage at 250°C for
90hours at different electat bias.Figure35 shows the optical power measurement of the LED
with and without hydraich SiN passivation laygr(Meneghini M. P., 2006)it can be shown that
the high temperature strastroducesa strong optical power degradation only in the samples with

passivation layer, which lost the 65% of their efficiency at 10 mA after thmifQest. On the
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other si@, the unpassivated samples lost only the 5% of their efficiency at 10 mA during the 90

min test.
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Figure36: I-V curves measurements of LBAdth passivation layer at 250°@Vieneghini M. T.,
2006)
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Figure37. CurrentVoltage Curves of the LED without the passivation lagieneghini M. T.,
2007)
Figure 36 shows the forward current forward voltage characteristics of one passivated
sample(Meneghini M. T., 2006)It can be concluded that thermal stress inductedarasing of
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series resistance in the diode. On the other

inthecurrerv 0l t age of the LED wh-dch pdassationdayerFlg@er e t h e

37 shows the-V curve of the LED without the passivation laybteneghini M. P., 2006)

It can be seen from the above results that high temperature can chanlgettiealeand
optical performances of the GaN based LED. The optical power will decrease and the operation
voltage will increase. This process can be related to the degradation efyjhes negion of the
diode, due to the hydrogenduced compensation tife acceptor dopafieneghini M. T., 2007)

The growth of InGaN/GaN multiple quantunelivis complex due to the lattice mismatch
and the different thermal expansion coefficient of the two matdine. optical spectrum dhe
GaN based LED is strongly influenced by the quality of the quantum well structure which can be
easily varied by the minor change of the growth condition. The degradation of the multiple
guantum well structure was caused to the interaction of In ahe@@en the InGaN and the GaN
layer(Yang S. C., 2010)Horng, 2012 McCluskey P. M., 1999McCluskey M. D., 1998)GaN
based LED was falmated with InGaN/GaN multiple quantum well by metal organic chemical
vapor deposition. The optical performance of the LED was correlated with the activation
temperature of doped Mg. Photoluminescence and electroluminescence was used to perform the
analyss. Figure38 shows the photoluminescence spectrum of the GaN based LED with Mg as the
p-layer dopan{Youn, 2003) The deice was activated at the temperature that ranges from 750°C

to 925°C in N2 for 30 seconds.
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Figure38: Photoluminescence spectra obtained from the GaN based LED at with -ithepikid)
p-GaN layer activated at the temperatuiasge from 7501C to 9251C fo 30 s in a N2 ambient
(Youn, 2003)

It can be seen that the peak of the spectrum tends to decrease with the increasing of the
activation temperature. Among all the samples, the LED that activat&d &€ has the heighted
photoluminescence intensity. When temperature goes up across 825°C, the devices showed a
significant decrease in the photoluminescence inte(sayn, 2003) Figure39 shows the high
resolution transmission electron microscopy (HRTEM) image for the active layers of InGaN/GaN
MQW annealed at 8251C. The image show that there are some dark lumps fothe¢hiGaN
guantum well structure. Therefore, the activation process otidpgd pGaN layer should be
performed at the lowest temperature to obtain better optical properties of InGaN/GaN multiple

guantum well suctures(Youn, 20().



Figure39: TEM Image of the InGaN/GaN MQW annealed at 8251C for. 8daun, 2003)
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Figure40: Photoluminescence spectra of annealed samples with various andeadtigns
(Chuo, 2001)

Figure 40 shows the Photoluminescence spectra of annealed samples with different
annealing duratins (Chuo, 2001) A blue shift can be observed with the increasing of annealing
temperature from 900°C to 1050°C. This is attributed to the decrease of indium content in the
guantum well after the intermixing between InGaN quantum wells and GaN barriers. The test

result dso indicates that higher diffusivity will happen with higidium quantum well structure.
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2.2. LED PACKAGE RELIABILITY

It is important to select the right materials for the optical parts in the LED package, such
as lens, encapsulation. Improper materials le@t thermal stresses to the electrical package, due
to CTE mismatches and reduce the rate of heat transfer from the semiconductor devices inside the
packaggPhilips Lumileds Lighting Company, 200@)isu, 2008YLuo, 2010)(Hewlett Packard,
1997)(Lu G. M., 2015)Lin, 2006)(McCluskey P. M., 1999)Zhang, 2012) Figure41 shows a

LED package with various optical parts.

Blue LED Chip Covered by
y Phosphors & Silicone
Silicone Lens Encapsulation

Wire Bond

Heat Sink Anode

Cathode

Figure4l: LED package with various optical parts

The majority of highpower and miepower LEDs use an epoxy otisbne based systems
to make the optical parts of the package. Epoxy was used as the lens and package material when
LEDs were first developedhe semiconducteepoxy can increase the light extraction efficiency,
because epoxy has larger refractive indexgared with airFigure42 shows the light extraction

efficiency as a function of epoxy refractive indé&xn, 2006)
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Figure42: Extraction efficiency of epoxy as a function of refractive inqein, 2006)

It is can be shown fronfrigure 42 that a higher refractive index and lower absorption
coefficient can increase the light extraction efficiency of epbEys are encapsulated to prevent
the fragile wire bond and semiconducioside the packagéom outside mechanical stress.
Transparent epoxy resin was used as the encapsulation material for lower power LED for a long
time. However,epoxy resins has two disadvantages as the encapsulation material for modern high
power white LBDs (McCluskey P. M., 1999)McCluskey P. M., 2000)Cured epoxy is usually
very rigid due to the crodsed networks. The other disadvantages is thakg material tends to
degrade very fast wheexposed to high temperature or ultraviolet lightis degradation will
cause the yellowing of encapsulatiorhe yellowing of epoxy comes from the formation of
thermosoxidative crosdink.  Encapsulation yellowing will decrease the encapsulation
transpaency and discolored the optical pa@ensequently, the degraded epoxy optical parts work
as a light filter which will reduce the light output and shift the light spectrihe poor thermal
and ultraviolet resistance of epoxy encapsulation material eaenhanced by adding anti

oxidants, UV stabilizers. The thermal stability of bisphefptycloaliphatic, and a new kind of
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enhanced epoxy resin, have been studied by constant temperature aging. The performance of each

material is shown ifrigure43 (Lin, 2006)
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Figure43: Thermal Performance of different epoxiésn, 2006)

With expectation of higher luminous flux output, higher forward current and biétter
long reliability, silicone materials has been introduced to be new generation of encapsulation
materials for LED(Narendan N. G., 2004)Baillot, 2010) (Mehr, 2013b)(Meneghini M. P.,
2006) The chemical structure of silicone provides several advantages over epoxy encapsulation
used in the optoelectronic products. The advantage includes the thermal and ultraviolet stability of
silicone, which are the main characteristics needed for new giemek&iD productsFigure44

shows the 200h thermal aging test results of epoxy and sil{Gapp, 2015DeShazer, 2014)
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Figure44: 200 hours thermal aging at different aging tempera{eShazer, 2014)

High ultraviolet and thermal stability minimizes the yellowing effects at high heat
(150°C+) and withstands high lumen density, especially for high power LED with the blue emitting
die. Also, ultraviolet resistance can enhance the {tergn reliability for outdoor application
(Meneghini M. P., 2006)Meneghini M. T., 2008)

Silicone can be formulated in different hardness properties, which can be gel, elastic, and
hard types. Silicone used in LED encapsulation is generally elastic type to give the flexibility to
encapswuted wire bound and die attach. This characteristic provides the ability to absorb thermal
stress during the soldering process and during operation at high power as well.

Silicone elastomers, gels, thixotropic gels, and fluids not only perform extreveélin
high temperature applications, but also offer refradgtidex matching so that silicowan transmit
light with admirable efficiencySilicone has a wide variety of material compositions which makes
it a potential opon for various application3.he optical industry widely uses silicone for various
applications such as fiber optical cable pottidge to these optical advantages, silicone materials
have been used in the phosphor binder, entapsu and lens of LED package.

However, silicone comgund as an LED encapsulation material can also have defects, such

as larger thermal expansion coefficient, and lpghmeabilityto humidity. Silicone resins may
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out-gas at extreme high temperatures or the ingress of moisture, releasing acetic acisl wenich i
corrosive to the elements inside the LED package. The catalysts used to prepare silicones can also
be harmful to the LED packad®ow Corning Corporation, 1997%uch reactions can result in

the degradation of thermakdiility or optical stability
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Figure45: Light output variation as a function of aging time at different tempergtdagendran
N. G., 2004)

The thermal effects associated with high junction temperature also play an important role
in the yellowing effects of encapsulation material. Yellowing Effects is related to the combination
of ambient temperature and the dedfating. A portion of the entéd light will circulatebetween
the phosphor layer and the reflector cup and increases the temperature of the package. Exposure
to high temperature will reduce the luminous outpigure45 shows the relative light out as a
function of aging time at different ambient tempera(idNarendran N. G., 2004)

The light output decrease over time in an exponential pattern. Tresréfe relative light

output, L, can be expressed as:

L —e a*t (75)

100



Where a is the light output degradation rate or the decay constant, and t is the operation
time measured in hours. Exponential curve fitting of the experimental data yielded the decay
constants for each junction temperature. With increasing junction tetaperthe decay constant
increased exponentially also. Therefore, the light output degradation rate increase with the
increasing of junction temperatuireigure 46 illustrates the variation of the decay constant as a

function of junction temperatu®arendran N. G., 2004)
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Figure46: Decay Constant as a function of junctin tempera{ddarendran N. G., 2004)

2.3. PHOSPHOR RELIABILITY

The function of phosphor material in LEDs is to absorb the primary wavelength emitted by
the LED chip (near ultraviolet or blue light) and convert it to long wavelength spectrum. The
requiremerg of phosphor material used in LEDs includes: high absorption in the region of blue

spectrum, high quantum efficiency, resistant to extreme environment such as high temperature and

humidity.
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Figure47: Room temperaterexcitation (left) and emission spectrum (right) @ANO:2:Ce**
phosphor(Pust, 2014)

Fluorescent lamp phosphors convers the ultraviolet discharge of mercury plasma into
visible light. The primary wavelength of the plasnsa264nm and the converted spectrum is
555nm. The efficiency of the conversion process is approximately 45% which is relatively low.
There are nearly 55% energy loss during the conversion process in the fluorescent lamp. Therefore,
the efficiency of a lighhg devices would increase as the excitation spectrum moves closer to the
visible spectrum. For example, the energy conversion efficiency of a 370 nm UV and a 450 nm
blue radiator into visible light would be about 65 percent and 80 perespgctivelyThere are
two available semiconductor devices, namgly emitter (emission at 370nm) and blue emitter
(450nm470nm).

To generate white spectrum, the blue emission from the LED emitter can be mixed with
the complementary yellow emission that can be gereelata yellow phosphor. The yellow flour
luminescence emission mixed with the residue blue light can generate white light with a range of
correlated color temperature form 3000K to 600@#gure47 shows the excitation spectrum and
the emission spectrum ofzAlsO12:Ce** phosphor at room temperatui@ohwer, 2003)Pust,

2014)
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Figure48 Normalized spectra of various yelleswitting phosphors: (a) YAG:Ce, (b) TAG:Ce,
and (c) S#SiOs:EL?*, respectively(Jang, 2009)

By careful control of the garnet phosphor chemical component, the emission spectrum can
be tuned to coverlarge rang®f white color temperature. However, there are some drawbacks of
YAG:Ce phosphor. Theator rendering index of the wieitLED is very lowdue to the lack of red
emission spectrum. Researchers are developing new phosphor material that can increase the color
rendeing index of white LED. Among all the new phosphor systems, nitride phosphor material
has drawn a lot attention. Divalent europtactivatedM,SisNg (M can be Ca, Sr, Bapaterials
display strong absorption in the blue and exhibit efficient emissiaed spectrum which can
increase the color rendeg index significantly Figure 48 shows the excitation and emission

spectrum comparison of YAG:CEbsAls012:CeandSrSiOs:EL* phosphor systerfdang, 2009)
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Figure49: Light Spectral of white LEDs using (a) YAG:Ce, (b) TAG:Ce, (c) SS:Eu, and (d)
YAG:Ce+SS:Eu under various currents (DC 10, 20, 30, 40, 50 and 6Q(buf)a, 2014)

The emission spectrum of one phosphor system is different from diose other
phosphors. Therefore, a white light can be tuned by combining a blue LED with various available
yellow emitting phosphor. The operatarcurrent of LED usually has a widange that can
changdrom 150mA to 1000mA. When the applied curremreases, the intensity of the blue and
yellow spectrum of white LED increase, because the higher the applied current, the stronger the
blue emission. The blue emission via# absorhby the yellow emitting phosphors, and the yellow
emissions will increasaccordingly. The spectrum of the white light will change with the applied
current, so do the color coordinates in the CIE diagFagure49 showsthelight spectrunof the
white LED under the following applied currents: 10, 20, 30, 40, 50, and 60(JaAg, 2009)

(Lakshmanan, 201X) unia, 2014)
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Figure50: (a) TheCIE color coordinates of the pdEDs and (b) the variation of the CIE color
coordinates of the pc WLEDs as a function of the applied current (DC 10, 20, 30 40, 50, and 60
mA). (Jang, 2009)

Figure50 shows the color coordinates of the white LED under different applied current
(Jang, 2009)It can be shown thahe color coordinates shifted to the blue region as the applied
current was increased. It indicates that the rate of the increase in blue emission is higher than the
rate of increase in yellow emission. In addition, when the forward current was incthasaded
phosphor (YAG:Cet SS:Eu)based white LED showed more stable color stability than single
phosphor based white LED. Therefore, by applying mixed phosphors on a blue LED chip, the
color stability of different current is improved, as well as th@rcandering indexJang, 2009)
( Narendran N. G. N. , 2005)

Althoughphosphor binder layeesre a necessary componentwdrite LEDS the presence
of phosphorgancausea decrease in reliabilitgf LED packagegTran N. T., 2008]Meneghini
M. T., 2008) Figure 51 shows the light output power of phosphor based LED with different

phosphor concentratigiiran N. T., 2008{Tran N. T., 2009)
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Figure51: Relative Power output of phosphor based LED at different phosphor concentration
(Tran N. T., 2009)

Phosphor particles are embedded inside the silicone resin. The brightness and luminous
efficacy of a LED package depends on the phosphor particles concentration and phosphor binder
thickness(Tran N. T., 2008)Tran N. T., 2009) The package with low phosphor concentration
and high phosphecomposite thickness has higher luminous efficacy compared with the package
having higher concentration and lower phosptmmposite thicknessincreased phospho
concentration increase the probability of blue light being absorbed and converted to yellow light.
Therefore, the correlated color temperature is decreasing witin¢hease inthe phosphor
particles concentration.Also, the luminous efficacy will deease, because the conversion
efficiency of phosphor is always less than 100%. Moreover, an increase of phosphor concentration
increase the probability of light being trapped inside the package. In conclusion, the power output
of LED decrease with the ineasing of phosphor concentration.

It is shown that different particle sizes scatter and trap different amount of light inside the

package or reduce the amount of light propagating in forward dirgdtran N. T., 2008)Tran
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N. T., 2009) Different phosphor sizes also have different spatial distribution that can be a result
of settling effect. Figure 52 shows the light distribution when a blue photon hits the phosphor

particle(Tran N. T., 2008]Tran N. T., 2009)

Scattered light

Emitted light
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Figure52: Interaction of excied light andghosphor particles. (a) scattering light distribution (b)
isotropic emission of yellow ligh{Tran N. T., 2009)

Light loss in the LED package is dominated by scatteaimjreflection of excited light by
semiconductor chip. Here is a large amount of light energy reflected back to the package by the
phosphor particles in the binder layer. Also, backscattering of phosphor patrticles also decrease the
extraction efficiency of LED packages. Only 40% of the light will transmituthothe phosphor
layer, while 60% of them is either reflected back or backscati@adendran N. G., 2004)
Backscattering and back reflection of light by phosphor particles can be minimized by optimizing
phosphor particle s&s.

In a phosphor based white LED, phosphor particles can be applied on the top of the blue
emitter. The thin layer of phosphor is dispensed on the chip by a clear encapsulation material,

such as silicone. In any phosphor binder geometries, the size @fdisphor particles is expected
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to influence the luminous efficacy of the LED packdggure53 shows the lumen output of LED

package with different phosphor particles gikean N. T., 2009)
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Figure53: Lumen ouput of phosphor LED with different particle siZésan N.T., 2009)

In the micrasize region, the lumen output reaches its maximum value at the particle size
of 20em, and decrease when the particles size
by using the extent of light scattering. tire ph@phor binderthe processof light scattering is
complicate Thelight scatteringorocesslepends othe particle size, the degree of refractive index
mismatch betweetie phosphor particles and encapsuylgie concentration of suspended particle,

and thewavelength of light.

2.4. DIAGNOSTIC AND LIFETIME PREDICTION

Prognostics and health management (PHM) is a method that permits the reliability of a
system to be evaluated in its actual-kifgcle conditions, to determine the advent of failure, and
minimize thesystem riskgVichare, 2006)Pecht, 2009)it requires the diagnostic tools integrated

inside the system being monitoréthanks to the development of sensor system and integrated
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circuit, most ofthe safety crucial mechanical or electrical system has a compadiaggibstic

and monitor system, such as aircraft, submarine. Knowing the health of each components in a
system provides better knowledge of making important decisions related to sigablly, there

are many sensors running inside the system to monitor the system states and health condition in
situ. As a result, a large amount knowledge is available for the health management of mechanical
and electricabystem such as aviation systdfor a long time, prognostic health management has
been employed to provide advanced warning of safety and mission critical system to allow
necessary maintenance. Some existing PHM technoldgge® been applied to critical
infrastructures, such as nuclgmwer plant, bridge, railway$wanson D. C., 200@Bwanson D.

C., 2001)Batzel, 2009)Jarrell, 2002)(Coble, 201Y, (Ko, 2005)

PHM is also provenan efficient method to monitoand accesthe health oklectronics
system(Lall P. B., 2008d)Lall P. C., 2006ajLall P. C., 2007ajLall P. C., 2008ajLall P. G.,
2007b)(Lall P. H., 2007e)Lall P. H., 2008c)Lall P. H., 2007c)Lall P. H., 2006b)Lall P. 1.,
2005a)Lall P. 1., 2008f)Lall P. 1., 2004a)Lall P. 1., 2006d)Lall P. I., 2004b)Lall P. I., 2004c)

(Lall P. L., 2010b)Lall P. L., 2010a)Lall P. L., 2011c)Lall P. L., 2009a)Lall P. L., 2009b)

(Lall P. L., 2011b)Lall P. L., 2011a)Lall P. W., 2012a)Lall P. P., 2005bjLall P. P., 2008b)

(Lall P. P., 2006€{Lall P. P., 2004djLall P. S., 2014jLall P. S., 2012bjLall P. S., 2008€{Lall

P. S., 20134)Lall P. Z., 2013byhis methochas been widely used in variogpoducts, since most
products contain some electronics to provigiectionality and performance recent daysThe
increasing usage of electronic system for mission and safety critical situation has motivated the
development of new technologies that caonitor the health of thelectronicssystem and give
warming in advanceAssessing the extent of deviation or degradation from expected normal

operation condition for electronics system can help to prevent catastrophic failure of critical
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system. PHM caprovide warning of the failure and extend maintenance cycle which will reduce
the life cycle cost.It requires the diagnostic tools integrated inside the system being monitored.
Therefore, it should consume minimal resource and be able to provide larghemarning time

to allow maintenance to be performdthe health management of electronic package is difficult
compared withthemechanical system, since all the components insideléotricalpackage is in

micro scale omanoscale. Electronic package a highly-intergradedsystem with complicate
architecture insidelherefore, there are some challenges in tkgtinmonitoring, and remaining
useful life predictionFor now, there are several methods have been developed to implement the
PHM method ingle electric package, such as built in test (BIT) and using of expendable devices

(Kulkarni, 2010)(Vichare, 2006)

2.4.1.BUILD-IN TEST

Built-in test(BIT) is a method that involves dyoard hardwarel' hat hardwareonsists of
circuit that built inside the package. Software are used to read the outpuboilttie test circuit.
The manufactureof BIT system provides a package which allows the user to access the internal
componentsThe output of théBIT system can be compared with the know characteristics to
monitor the health states of the system. Based on the application, the BIT can be separated into
severallevels such as circuitevel, modulelevel and systerevel. The working pattern of BIT
system depends on its function. Some of the BIT system works continuously, while other BIT
systems only work when it is required to do Bepending on the diagnostics method, BIT
technology can also be divided into two categories: direct and indirectandthe direct method
diagnogsthe system through a sensor attached directly to the components whereas the indirect
method evaluates other peripheral parameters that reflect the condition of the confpsy&ein

with BIT is characterized by its abilitp monitor and diagnose its health condition by itself. BIT

110



has been deployed in many areas of the industry, such as manufacturing, aerospace, automobile,
largescale integrated circuit (IC), power systdBarke, 2005)(Goebel, 2008YGao, 2002)
(Mishra S. P., 2002)This trend is primarily due to the need for highly integrated and automated
system which requires high level of system relispili

The increasing number for smart factories with high automation, high productivity and low
cost has stimulated the development of innovative BIT applicaiiorall kinds of industry
products. IC industry is one exampl€. products have high integrati density whicthas lots of
reliability issues such as current leakage, cross talk and eteatyoetic compatibility. Tése
problems reduce the reliability of the system gl very difficult to access the single component
for individual test due tahe high density. Also, ofine testing procedures are time and resource
consuming, presenting a bottleneck for time and resource efficient productiigtpeltessary to
have a BITsystemto asses the states of each comporemd provide health managementthis
application, the BIT components are embedded inside the function gienagtbling the quality
controller to diagnose the system ¢cymparing BIT signalsvith a set of reference or threshold
valueslIf theoutputoBI T doesndt match the reference sign
the degradation of the IOhis methodhasled to the emergence of BIT in the semiconductor
industry as a cost effective and efficient technidtigure 54 shows the test scheme of (Gao,

2002)
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Figure54: BIT test scheme of IGGao, 2002)

Another application of BIT in IC is to monitor the temperature of the die region. The
accurate temperature measurement of the die region can be obtained by measuring the voltage of
a constant forward current biased diotlee most important characteristim&aircraft is its safety
critical. Disaster could happen if a smallest component fails during the operation. The need for
high reliability of aircrafthas resulted in the adoption of BIT systeah various levels, such as
component level and system leygburides, 1989)

The nature of BIT system determines that it can identify the failure modes that closes to
the component level#t helps achieve significant cost reduction by reducing the need for system
disassembly durinthe systentdiagnostic angnaintenanceAnotheradvantagef BIT system is
that it can record the time and the environmental stress data of the failure event which will help to
identify the cause of failure. Failure analysis and future diagnostics candbeaasier with the
data from BIT system.

Despite the advantages of BIT systems, there are some concerns. The BIT system is an

extra to the original system. It should monitor the mechanical or electrical system withoutgffecti
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the normal operation at mmum source consumptiofror example, it takes up space and adds
extra weight to the aircraft system which will reduce the efficiency of commercial operfdtion.

BIT technology is still being developed to achieve high accuracy. The spurious faulbdedeck
indication rate is high. Several studies has been performed on the high fault detection rate which
can results excessive replacement, loss of system reliaBilltysystem can only be applied in big
volume systems, since the extra circuit andrfat® are going to consume some extra space. BIT
system primarily serves as a health monitoring and diagnostics tool and is not be able to provide
the prediction of remaining useful lif€hose disadvantagegseatly restrict its applications scope
(Allen, 2003) However, the BIT will ultimately become a wide adopted diagnostics tool in both
manufacturing and consumer electronics with the development of wireless data communication
and advanced sensors, such as microelectromeetagstems (MEMS). It can be expected that

the development of BIT system will integrate many other frontier technologies andnlesing

challenges that needealbe addressed in the future.

2.4.2. RELIABILITY CANARY

Reliability canaries is another traditional imed to protect the key structure of mission
critical system. Fuses and circuit breakers are examples of reliability canaries that used in
electronic system to protect the sensitive components. In some other system, temperature sensors
are deployed to senslee ambient temperature, and shut down the system if the temperature go
across the limited threshold. Like the BIT system,-slécking circuit can be incorporated in the
system and sense the abnormal conditivic€hare, 2006) The circuit will fail earlier than the
critical functonal components, which will gtly reduce the risk of the whole system and save
replacement cosAlso, reliability canary circuit embedded in the safety critical system can be used

to providewarnings prior the real failure. Semiconductlmvel reliability canaries are available
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with pretuned circuits that can be placed in the same package with the functional chip to monitor
the health states of the electronic packajge canary circuit canebused to monitor various
semiconductor devices failures, such as dielectric breakdown, hot carrier aging or electro
migration(Mishra U. K., 2002)The reliability canary is subject to the same manufacturing process
and envionmental stress with the actual functional circuits inside the package. By incorporating
these monitors as a part of the electrical package, it can assure that the canary circuit components
see the same operational environment as the real product. #ssls@s that any parameter that
affects the product reliability will also affect the reliability canary.

If both thefunctional circuits and the reliability canariage designed and manufactured
with the same technology, both circuits will have the samantife time. In order to provide the
advanced warning for the critical system, the canary circuit sHallldarlierthan the functional
circuit. Although both the circuits are in the same environadestressthe aging stress of the
reliability canarycan be altered in a controlled waguch as increasing the electrical stress
Increasing of the electrical stress carabkieved by increasing the current dengégsing through
the reliability canaryCurrent passing through the functional circuits ircanary circuit are the
same in order not to disrupt the functionality of the key syst¥itih the same amount of current
passing through both circuitbecrosssectionalrea of the&eanary components can be reduced to
achieve higher electrical steeéd\nother method of increasing tharrent densitys to increas¢he
voltage applied to theanary componenté& combinatiorof previoustechniques can also be used
to increase the electrical stress on the canary compokhgi®r current densityill causehigher
internal heatingvhich will causehigherthermalstress on theanary component&Vhenhigher

electrical stress applied to the canary compondhes; are expected to fadarlier than the
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functional circuit Figure55 shows the reliability curves for functional circuit and canary circuit

(Mishra S. P., 2002)

Prognostic cells

Actual circut

HazardRate @——»

Time ———»

Infant mortality Useful life Wear-out

Figure55: Idealized bathtub reliability curves for the functional circuit and canary components
(Mishra S. P., 2002)

2.4.3. ACCELERATED LIFE TEST

The improvement of BIT and reliability canasystemscan be achieved by the accelerated
life test(ALT). A large amount of failure date could be gathered through the accelerated life test
which provides the insight of the failure mechanigidelson, 1990)Su, 2012) The BIT and
reliability canary could be rearranged with the failure mechamfeomd in the accelerated life
test, which will greatly improve the accuracy of prediction and reduce spurious fault detection
(Suhir, 2002)Hallberg O. a., 1991)The main purpose of ALT is to reveal and understand the
physics of the expected and unexpected failure mechanism of a product during the operation.
Usually, there are several failure mechanisms of a product. The ALT can also helpnuiate
the failure mechanism statistical distribution in a very short time compared with tradition BIT or
reliability canary methods. It player an important role in the evaluatidrassurance of reliability

of products.
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Reliability is usually defineds the ability of a product to perform the required fumctio
without failure. Reliability egineering studies failure modes and mechanisms, causes of various
failures, and methods to prevent failu¢8sihir, 2002) It is impotant for a company to assure its
product to have a worthwhile |ifetime and r el
successful in the marketplace, a manufacturer must understand the physics of the failure
mechanisms and the method to mmvthe failure in the lifetime. The manufacture usually
guarantee the lifetime threes titaeger than the expected lifime of a product

Commercial microelectronics and photonics products present poor reliability control and
have lots of challenges dog the design and manufacture process, due to the high density of
componentgSuhir, 2002) The micrescale or nanacale size of the components also increase the
uncertainty during the manufacture process. It is importargdoce the cost and time to market
if a company want to compete in the global market. Accelerated life test plays an impmeant
in the designing of reliable products in a short time range. In some cases, especially for new
products of new technologiesyhere no experience has been yet accumulated, the general
gualification standards will no long work. Even the new products pass the similar qualification
standards, which is based on the previous accumulated knowledge of similar component or
technology, hey still have the high chances to fail during the lifetime. It is also unclear what could
be done to improve the quality of the new produétell-designed ALT can dramatically facilitate
the companynd reduce timéo-market time, without compromising the products quality.

The lifetime of an electronics product is very long, typically on the order of hundred
thousand hours and it is impractical and uneconomical to wait for the failure. ALT usewmtdaso
increass in stresses to improve the efficiency of reliability test. The stresses can be electrical

stress, thermal stress, high humidity or mechanical stress. ALT may also be combined stress
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Examples are: temperature/humidity bias (65°C/90%RH, /75%RH, 85°C/85%RH), vibration
tests at elevated temperature condition, Eie accelerated test conditions must be specifically
designed for the product under tgsarticularly considering the use conditions. For example,
before a new model of cell phens released, several accelerated mechatesd will be
performed such as vibration and shock (&an, 2008)

The design of ALT should consider all the possible failure mechanism caused by a particle
stressing environmeiiTrevisanello, 2008)Tarashioon, 2012)'he acceleration factor and stress
should change with the changes of the materials and technologies in the productise Alsrket
demand should also lmensidered. For example, the military ALT standard is much harsher than
the normal commercial markdthe most common accelerated test conditamesshown ifTable

1 (Suhir, 2002)

Tablel: Accelerated Test ConditioriSuhir, 2002)
Mechanical Stress Fatigue test

Mechanical shock

Drop shock

Sinusoidal vibratioriest

Random vibration test

Thermal Stress High temperature storage (Steady stat

Lowe temperature storage

Temperature cycling

Thermal shock

Other Stress Power cycling
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Voltage extremes

High humidity

Radiation

Typically, a particulafailure mechanism will be related with an accelerated test condition.
However, accelerated test conditions may lead to other different failure mechanisms. For example,
material property could change completely at high tempesatikes a phase transitianlt is
impossible to predict the failure mechanism at a given test condition. Becausexistance of
this exception, it is always necessary to identity the right failure mechsaarsminunderstanthe
underlying physics. Then, the limit of the usage adition can be established. It should be
remembered that the defectsesipcation and stress condition should besidered together as a
system. For example, even a large void in the middle of a solder joint might be acceptable and
should not be vieweds reliability defect. However, a tiny void or defect at the interface (especially
at the solder ball corner) should be taken seriously, it could lead crack initiation and damage the
connection. Table 2 shows the common failure mechanism and the corresponding accelerated

stresqSuhir, 2002)

Table2: Failure Mehcanisms and the correspondingerated stressé8uhir, 2002)

Failure Mechanisms Accelerated Stresses and Parameters

Corrosion Corrosive atmosphere, temperature, relg
humidity

Creep and stress relaxation Mechanical stress, temperature

Delamination Temperature cycling, relative humidity

Dendrite growth Voltage, humidity
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Diffusion Temperature, concentration gradient

Electro migration and thermos migratior] Current density, temperature

Stress corrosion cracking Mechanical stress, temperature, relativ
humidity

Contactwear Contact force, frequency, relative slidi
velocity

The US Department of Defense (DoD) military test standard-$MD-810 list a large
amount of different accelerated life test methods that can be used for various products which
includes microelectronics products. H3M-785 lists the accelerated thermalahnanicalstress
test standards for the surface mounted electronics which is in mission and safety critical
applications. JESD22B11 and JESD2B103B list the acceleration test standard for drop and
vibration test. Sometimes vibration profile from M8TD-810 is used to modify the accelerated
vibration test of surface mount electroni{tsll P. L., 2011a)Figure56 shows a 11gn random

vibration profile.
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Figure56: Random Vibration ProfilgLall P. L., 2011a)
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2.4.4. TRADITIONAL LIFE PREDICTION MODELS

ALT usually works with a predictive modgbuhir, 2002) This predictive model describes
what is changing in the products and what can we get from the ALTs. With the help of the
predictive model, the performance of the deviafsr certain time in servicgan be predicted at
the accelerated test condit®nBy considering the fundamental physics of degradation, the
performance of the devices at normal operation condition can also be predligtext! predictive
model should clarly include what affects what in a given device, and can be used in new
application conditions and new technology developmerithiere are several PHM methods that
can be correlated with the accelerated life test method to predict the remainingfesaffublrious
electronics component3radition reliability method predict the lifetime based ondkierage of
a large population, such as Weibull analygieinbaum, 2005)Weibull distribution is the most
common method of statistical analysis being used by researchers to display trends and analyze
failure data in electronic packaging todagll P. C., 2008ajLall P. P.,2008b) The Weibull plot
provides failure time estimation for a large population of components. For exampleuariger
of components are thermal cycled in a thermal cycle test. During the cycles, the failure number of
component are recorded. Thesulting failure data were statistically analyzed using two parameter
Wei bul | model s. The standard parameters 1in su
characteristic |Iife d, which is the esampleser of
from a particular leg of the test matrikhe equation used in Weibull plot is list below:

N (76)

_(i
R(N)=1- F(N)=e ”
Where N is the number of cycles (time until failure occurs), R is the percentage of parts

thatremmi ns functional, F is the percentage of pa

63. 2% of the parts that &€&ailed) and b is the

120



The thermal cycle number when 1% of the devices failed can be calculated with the

following equation where F(N) equals 0.01:

1 (77)

N(1%) = /1 * (In(T(N)»b

Figure57 shows a Weibull distribution plot of a resistor stydghn Evans, 2016 his

figure plots the number of thermal cyclesaxis) versus the percentage of occuceewnf the

cumulative distribution of failures (CDF).
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Figure57: Weibull Plot of a Resistor Termination Stu@phn Evans, 2016)

Another method to find the mean time to failure is Arrhenius equadtios.one of the
earliest and most successful acceleration models predicts howotiiaievaries with temperature.
The Arrhenius equation for reliability is commonly used to calculate the acceleration factor that
applies to the acceleration of tiAefailure distributions for microcircuits and other

semiconductor devices. The Arrhenius can be expressed:
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T=A* exp(i) 79
K, *T

Where T is the lifetime, Hs the activation energy,ld{ s t he Bol t zmannds c
is the absolute temperature. The Arrhenius model can be used with great success if the key factor
for the failure is temperature. Most of the physical processes and chemical reactions are
temperature dependent. Temperatisrthe accelerator factor during this degrada#antivation
energy (B) is an empirical value that is the minimum energy required to initiate a specific type of
failure mechanismMaterial oxidationglectremigration and contamination are some examspfe
such failure modes, each witluaique associated.E he Arrhenius equation can be used to model
temperature induced degradation in many electronic and photonic products, such as electronic
package, LED(Yang Y. H., 2014) The constantA is a scaling factor that drops out when
calculating acceleration factors. The acceleration factor between a higher tempEratndea

lower temperatur@ is given by:

1 1 (79
T 1)

When a component has been tested for a number of hours under the stressed condition, the

E
AF =exp(—2*
Xp(K (

equivalent operation time at thrmal use condition can be calculated with the acceleration
factor. If the use stress is a less than the stressed conditian acckerated life testthe
acceleration factor will be higher than on.

To add some other stresses in the life predicted model, Eyring model is given as:

Ea ) (80)
K,*T
The effect of t he e xas anotheaterm 81 the Eysirg eqliatidn.s ¢ o r

T =A*s "*exp(

Peckbs equation is a modified version of Arr hg

humidity bias condition which is given below:
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81
T=A*RH" *exp(KEfT) 1)
b

Where RH islie relative humidity percentage.

2.4.5.LIFETIME PREDICTION WITH LEADING INDICATOR

There are many drawbacks of traditional reliability modeling. Critics of traditional lifetime
prediction methods point to the reliance on large amount of data for statistical atygs
2009) Thefailure of a single compent could lead the breakdown of the whole system. Assessing
the health of single component provides better information for the system (i&adidl, 2009)
Anothercritic of traditional reliability method is the gap betweeneaderated life test the real usage
condition (Smith, 2011JThe ALT relies on the large population statisttosget the conclusion.
However, the reliability of single component in the system is most relevant to the specific usage
condition(Hamada, 2008)During the maintenance, most of the parts are replaced as they fail.
Thus, mostof the components are replaced at a very low probability of failure. Therefore, the
drawbacks of this traditional method is that most components are replaced befaeetfaied
which leads t@large amount of excessive support cost.

Life prediction based onhe leading indicator can be used to extrapolate the system
information forward with the current data to predicate the remaining useful life. The use of leading
indicator can reduce the experimental resource and time dramatichllg. o i tequitedlaage n 6 t
amount of reliability test data and insight of the variance in manufacturing prads®. L.,
2011a)(Lall P. L., 2011b)Lall P. L., 2011c)Leadingindicator based PHM is component based
and doesnot affected by inwatan, daniage pogessgona cag foen d i t i
related to theertainleading indicatas of the electronic system, such as resistance, involution of
micro-structure, sparal or frequency characteristics of the electronkgarly estimation of
remaining useful life (RUL) of a faulty component is at the center of system prognostics and health
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managemen(iCelaya, 2011{Zhou, 2012)Abdennadher, 2010t gives operators a potent tool in
decision making by quantifying how much time is left until functionality is lost.

A number of environmental stress such as vibration, thermal cyclenang other can
cause initiation of cracks of solder ball$ose initiated cracksan propagate through the whole

solder ball and damage the connectiémgure58shows a crack in a solder b@lhall P. L., 2011b)

! ‘ I‘ .

Figure58: Depiction of a cracked solder joint as the result of applied s{iedsP. L., 2011b)

The flip chip and ball grid array package are widely used now. New architedtsigs
further increases the density of interconnects. Eathesie new architecturesgll be limited by
the mechanical andngironmental stressedlission and safety critical electronic applications
motivate the development of new technology to diagnostic the health condifiamge of
resistance can be related to the cracking initiation and propagation of components icakelectr
package such as the interface between the solder joint and soldéapdd P., 2004djLall P.
P., 2005b)Lall P. P., 2006efLall P. P., 2008b)Therefore, this method can be applied to the

electronic package and monitor the health condition.
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Figure59: Resistance Spectroscopy sheme diagram

To complete this task, the method of resistance spaxipy (RS) wassed to detect the
small changeof resistance. Continuity measurements with measurement devices, such as an
oscilloscope, and a traditional DC multiple meter to measure the changes of resistance.
Measur ement devi c e sdequataresdlutign todnonitdy very ing shangets bfe a
the contact resistanggall P. L., 2011c)(Lall P. L., 2011b)(Lall P. L., 2011a) Resistance
spectroscopy is the ethod thatcan capture the small change of contact resistg&tanford
Research Systems)

Figure59shows the scheme diagram of the resistance spectrostapgcitors C1 and C2
help eliminate stray inductances from wires running between the test board and measurement
equipment. ResistorslIRR2 and R3 are used to balance the bridge. The single pole double throw
relay has a small but naregligible resistance that must be balanced out by specifying an
appropriate value of resistor R3. Unlike traditional bridges, a AC voltage source disvasdbe,
resulting in a sinusoidal output whose amplitude and phase shift are proportional to the resistance
of the package. The logk amplifier performs the phase sensitive detection which effectively

increases the resolution of the RS measuremerd. othputs from the loek amplifier, the
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magnitude and phase shift of the signal V out, AC, are recorded using a data Fogger60

shows the datflow of resistance spectroscopy.

EE——
Vin, AC
Vpsd k ‘4 Zpck
'k Vout ,AC
(S}

Figure60: Data Flow of resistance spectroscopy

Calculating the change in resistance of the package based on the measured output voltage
from the bridge follows closely to that of a tradi@nWheatstone bridge, but must now
incorporate impedances into the calculation. Phase sensitive detection has been used to measure
very small changes in resistances which are converted tewaty changes in voltage Vadtby
the bridge. Phase sensitidetection is a unigue measurement method that allows the interrogation
of very small signals corrupted with noise. Detection of signals with signal to noise ratio
considerably less one is possible. Implementation involveBpiyuig a reference signal Vig,
by the measured signal, Vaut

The resulting signal, Vm passes through a low pass filter to remove frequency components
that are not of interest. In practicahlizationthe low pass filter is higher order filter than depicted
in the diagram. Theudput from the phase sensitive detection, VPSD is a signal that is proportional
to the magniide of the measured signal, Wi without noise corruption. Se€kall P. L., 2009b)
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for a detailed discussion of phase sensilisection including the derivation of pertinent equation.
Since the components of the Wheatstone bridge are known quantities, the change in resistance of
the packagean be calculated to the mieothm resolution using the phase sensitive detection
techniqee. A lockin amplifier is traditional method for performing the switch type amplifiers or
commercially available generic data acquisition hardware are alternative method. Then the value

Zpck Which equalRpck can be calculated with the followiregjuation:

Vin, AC (Z3Z1- Vout, AC §z2xZ1+73(X1) (82
Vout, AC §Z2+ Z3)+ Vin, AC (Z2
Commonly the leading indicator works with a prognostics algorithm that can implemented

Zpck=

through variouseiterativefilters algorithm.Kalman filter is a recursive filter that can project the
statevector forward with the system dynamic functigdalman, 1960) The Kalman filter (KF)
commonly employed by control engineers and other physical scientists has been successfully used
in such diverse areas as the processing of signals in aerospace tracking and underwater sonar, and
the statistical control of quality sl@as navigatior{Bar-Shalom, 2004)Bevly, 2007) tracking
(Hayward, 1997)dynamic positior{fBalchen, 198Q)auto pilot§Gueler, 1989)More recently, it
has also been used in some femgineering applications such as stiertn forecasting and the
analysis of life lengths from experimenssich as economic forecastifidne application domain
of Kalman filter inclués GPS, satellite, aircraft and ships. Kalman filter can smooth the noisy data
efficiently and can be used as the noisy filter of various sensors such as accelerometers, radars,
and odometer. The general filtering problem shown that, under linearity arsgi@aconditions
on the systems dynamics, the general filter particularizes to the Kalman filter.

Kalman filter is a linear, discrete time, finite dimensional twaeying system that
evaluates the state estimate that minimizes the 1sgaare error. Whethe system state dynamics

or the observation dynamics is nonlinear, the-aptimal approach to solve the problem, in the
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rage of linear filters, is the Extended Kalman filter (EKF). The EKF implements is the results of

the linearization of the originaon-linear dynamics arouhthe previous state estimatés with

the original Kalman Filter, the Extended Kalman Filter ussteppredictorcorrector algorithm.

The first step involves projecting both the most recent state estimate and an estihnaierafrt
covariance. The second step involves correcting the predicted state estimate calculated in the first
step by incorporating the most recent process measurement to generate an updated state estimate.
However, due to the nelimear nature of the press being estimated the covariance prediction

and update equations use the Jacobian of the transfer function and measurement function.

The Extended Kalman Filter (EKF) has become a standard technique used in a number of
nonlinear estimation and machinareing applications. These include estimating the state of a
nonlinear dynamic system, estimating parameters for nonlinear system identif{s&omer
Merwe R. , 2004§Julier, 1997 Tampere, 2007Due to the linearization, the EKF can be viewed
as therédérosapproxi mations to the original Sy
introduce large errors in the true posterior mean and covariance tatiséormed (Gaussian)
random variable, which may lead to sojstimal performance and sometimes divergence of the
filter.

The advantage the UKF is unscented transformation which can calculate the statistics of a
random variable which undergoes a nonlingansformation. With a set of carefully chosen
sample points and their weight, UKF can capture the true mean and variance of the state variable
when it goes through Amear system. UKF algorithm has advantages comparedther
estimatos (Wang, 2006)Wan, 2000)YVan Der Merwe R. &., 2001)t is easy to implement and

has higher accuracy. Due to the unscented transformatoamsidersat least second order Taylor
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expansion. Also, sigma point sampling is an optimal sampling approach compared with the Monte
Carlo random sampling method which used in other estisator

The particle filter has been used to track W#agious state vector such as damage of
interconnection{Cadini, 2009) capacity degradation of battegf$aha B. &., 2009)The patrticle
filter represents the probability distribution over the current value of each state variable using a
discreteprobability mass function. The discrete weighted samples of the probability density
function are called particles, and the probability of each particle is denoted by its.veight
general, the particle filter is a sequential Monte Carlo techrflgaecet, 2001)The patrticle filter
provides a general solution to the nonlinear filtering problem with arbitrarily acc(Gatya B.
K., 2011) (Jarrell, 2002)Jiang, 2009) The reason why patrticle filter is picked is that a lot of
methods, like Kalman filters, try to make problems more tractable by using a simplified version of
the complex model . However somet iugksPardclesi mp| |
filters, which let you use the full, complex model, rather than an approximate solution instead.
The approximation of particle filter may be made as good as necessary by choosing the number of
samples to be large enough: as the number mapkatends to infinity, this becomes an exact
equivalent to the functional form. These random samples are the pdhati@®pagate according
to thedynamics and measuremduanction of the dynamic systerihe algorithmof the particle
filter is very smple However,the calculation process che computationally expensivath the
increasing of particles. Thedvent of cheap, powerful computers otrex last ten years has been

key to thepopular wide spreadf particlefilters.
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3. EXPERI MEN3EATLUP AMMA SUREMENTS

This chapter will describe the test vehidlestused in this dissertation, the ALT conditson
thatareused to acceleratedHifetime test andhie test standardbat been followed during the
measurements. Also, derivation of the math usgudoess the raw collected data into meaningful

results is described in details.

3.1. TESTVEHICLES

During the experiments, themerethree kind of high powerphosphor converted LED
packages were used. Each package had different package structures and size. Different white color
temperature LED packages were included for each package structure. All the LED package used
in the experiments are commercial avaiabsl the marketThe Characteristics of X LED is
shown inTable 3 (CREE, 20072013) The model of the first sampis XR-C from CREE

Company.

Table3: Characteristics of XFC LED (CREE, 20072013)
Characteristics Unit Typical Value | Maximum Value

Thermal resistance, junction to soldegl °C/W | 12

Viewing angle Degree| 90

Temperature coefficient of voltage | mV/°C | -4

DC forward current mA 500
Forward voltage (@ 350 mA) Vv 3.5 4.0
Forward voltage (@ 700 mA) \% 3.7 4.0
LED junction temperature °C 150
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Thishigh-powerLED package is available in various color such as white (2600 K to 10,000
K CCT), royal blue, blue, green, amber,Aethnge and red. It has high performance and quality
of light to a wide range of lighting applications, including catbanging, portabland personal,
outdoor, indoor, transportation, stage and studio, commercial and emergemigle lighting.

Figure61 shows the appearance of the- XXRLED package.

Top View Bottom View

Figure61: Packageonfigurationof XR-C LED. (CREE, 20072013)

This LED package is a typical optical electrical package. It not only has the electrical
connections parts, but aléas the optical components which helps to extract the light from the
packageThe whole package is consisted of substrate, reflector, lens, solder pad ar die
is fixed behind the lens with encapsulation.-XRLED is a phosphor converted LED. The emitter
is a blue semiconductor devices. The partial light of monochromatic emitting LED is used to excite
one or severgbhosphorsThe combination of residue light angetexcited light willform the
white spectrum. Figure 62 shows the white spectrum of X& LED with different color
temperature(CREE, 20072013) Figure 63 (CREE, 20072013) shows the light spatial

distribution of XRC LED package. Theght spatial distribution is mainly affected by the optical
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component of the package. Therefore, different color LED has almost identical light spatial

distribution.
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Figure62. White Spectrum of XFC LED package(CREE, 20072013)
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Figure63: Light Spatical Distribution of XFC LED Package(CREE, 20072013)

XR-C LED package hdsateralstructure which requires two wire bonds to connect the die

with the outside solder padio prevent damage of wire bonds from the mechanical vibration or
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shock stress, the whole package was encapsulated with siliceliieegahcapsulate Figure 64

shows the appearance of >ARLED package and die region.

Figure64: Phosphor converted XB white LED Package: Package on staard@eft), Package
only(Middle), Die region (Right)

Each of the LED packages was fs@dered on a star board. They can be powered up
through the solder pads that consdbie electrode insidthe packageThe star boards can be
directly fixed on the aluminum heat sink with screws which will greatly simplify the measurement
process.

The second package used in theaegikpent is XPG high power LED package. It delivers
unprecedented levels of light output afticacy for a single die LED. X¥& LED packagesre
the ideal choice for lighting applications where high light output and maximum efficacy are
required, such as LED light bulbs, outdoor lighting, portable lighting, indoor lighting and solar
powered lighing. Due to the innovative design, the X3 LED package can take much high
current compared with X LED. The characteristics of X8 LEDs is shown iTable4 (CREE,

20092012)
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Table4: Electrical and Thermal Characteristics of-EeHLED PackagéCREE, 20092012)
Characteristics Unit Typical Value | Maximum Value

Thermal resistance, junction to soldgl °C/W | 4

Viewing angle Degree| 125

Temperature coefficient of voltage | mV/°C | -2.1

DC forward current mA 1500
Forward voltage (@ 350 mA) Vv 2.9 3.75
Forward voltage (@ 700 mA) Vv 3.05

Forward voltage (@ 1500 mA) Vv 3.25

LED junction temperature °C 150

Compared with XRC LED package, X LED package has less thermal resistance which
can greatly reduce the junction temperature inside the package with the same héittie
permitted forward current is three times larger than&XRED. At the same forward current, the
voltage is less than XR LED also. As aiesult,the luminous efficiency of X# package is much
higher than XRC package. XF5 LED is also a phosphor cegrted white LED package. The
phosphor binder layer is dispensed on the tophefaiue light emitter. The XB LED package
has different white temperature and color render index. Typical CRI for cool white (50880K
K CCT) is 70. Typical CRI for Newal White (3,700 K- 5,300 K CCT) is 75. Typical CRI for
Warm White (2,600 k 3,700 K CCT) is 80. The CRI of warm white LED is higher than LED
packages of higher CCT valuggure65 (CREE, 20092012)shows the dimension of X8 LED
packageFigure66 (CREE, 20092012)shows the radiant spectrum of X3°LED package with

different color temperature.
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Figure65: Mechanical Dimension of Xf& LED package(CREE, 20092012)
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Figure66: Radiant spectrum of XB& LED with different color temperatur€CREE, 20092012)

The light spatial distribution of X#& LED package isambertianemission pattern. The
light intengty of the package in air follows a cosine dependence on the angle. The intensity is the
highest for the emission normal to the semiconductor surface. At the angle of 60°C, the intensity
decreases to half of its maximum value. The emission pattern-& KD package is shown in

Figure67 (CREE, 20092012)
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Figure67: Light emission pattern 0fP-G LED package(CREE, 20092012)

XP-G LED is a thin film package which means the real functional dieisedlg4dm t hi c k
becausehe original epitaxial growth substrate is removed by laseofiifprocess XP-G LED
padkage structure is vertical compared with XRLED package whose structure is lateral..
Usually the epitaxial layer has three parts. The bottom layetyipenGaN. On the top of-type
GaN, multiple layer of quantum well (MQW) active region was buitype GaN was on the top
of the epitaxial layer. After the growth of the epitaxial layer, a high reflective metal contact was
deposited on the-pide of the wafer as p contact by electbwmam evaporation. After that, the p
side was bonded to an intermediedaductive substrate. Laser assisted lift off help to remove the
sapphire substrate and expose thigpe GaN surface. Now, the epitaxial layer is totally upside
down with ntype GaN of the top. Wire bond and patterned metallic n contact was added tct conne

the chip with the substrateigure68 shows the diagram of the X& LED package.
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Star Board

Solder Pad

Figure68: XP-G LED package structure

The last LED package used in the experiment isXDED package. Itis the latest package
structure in the market. XEE White sets the new standard for high performance and dramatically
lowers system costt offers high performance and quality of ligiat a wide range of lighting
applications, including remotghosphor, colochanging, portable and personal, outdoor,
indoor directional, transportation, stage and studio, commercial and emengghicie lighting.

XT-E white LED package is a phosphor caiveED also. By changing the phosphor thickness
and density of phosphor particles. Various white color temperature could be obtained. It is

available in high CRI warm white color and the cool white efficiency is up to 148lm/W at 85°C,

350mA. The charactestics of XTE LEDs is shown ifiable5 (CREE, 20112016)

Table5: Electrical and optical chacteristics of XTE LED(CREE, 20112016)

Characteristics

Unit

Typical Value

Maximum Value

Thermal resistance, junction to solde

°C/W

5
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Viewing angle Degree| 115

Temperature coefficient of voltage | mV/°C | -2.5

DC forward current mA 1500
Forward voltage (@ 350 mA) Vv 2.85 3.4
LED junction temperature °C 150

Figure69: Spectrial distribution of XTE LED packaglows the radiant spectrum of XTE

LED package with differenvholecolor temperature.
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Figure69: Spectrial distribution of XTE LED packagéCREE, 20112016)
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XT-E is thin film flip chip (TFFC) package. The TFFC process involves removal of the

substrate and roughening of the chip's hghtitting surface to improve light output efficiency.

TFFC design is optichl and thermally superior to the vertical thin film and lateral structure. The

most difference between XE and other LED package isthat>Xld o e s n 6 t

flip chip structure uses solder bump rather than wire bond to connect the dieensthbitrate.
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Figure 70 (CREE, 20112016)shows the size of KE LED package anéigure 71 shows the

appearance of XTE LED package and the die region.

iy

R1.53

Top View Side View

Figure70: Dimensions of XTE LED packagéCREE, 20112016)

Figure71: Appearance of XTE LED package. Package and star board (Left), LED
package(Middle), Die region (righf)ICREE, 20112016)

The light spatial distribution of XTE LED package is alsombertianemission pattern.
The light intensity of the package in air follows a cosine dependence on the angle. The intensity is
the highest for the emission normal to the semiconductor surface. At the angle of 60°C, the
intensity decreases to half of itsaximum value. The emission pattern of-®PLED package is

shown inFigure72 (CREE, 20112016)
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Figure72: Light spatial distribution of XTE LED(CREE, 20112016)

3.2.  TEST CONDITIONS
ALT has been adopted to accelerate the degradation process of LED packages in order to
accumulate the degradation data for the madetif lifetime prediction. Also, ALT can capture

the failure modes and mechanisms much quicker than normal operational conditions.

3.2.1.HIGH TEMPERATURE STORAGE LIFE TEST (HTSL)

The IES LM80-08 (LM80) (IES, 2008b)is a LED lumen maintenance test method that
developed by llluminating Engineering Society of North America (IESNA). It provides methods
of the measurement of lumen maintenance of LED package, arrays and modules. This standard
methodology would allow custongto evaluate and compare the lumen maintenance of LED
components from different companies. Lumen maintenance is the luminous flux remaining output
(typically expressed as a percentage ofitligal output) at any elapsed operating time. LM80
requires theesting of LEDs operating at a minimum of three case temperatures (55°C, 85°C and

a case temperature selected by the manufacturer), with the same electrical drive current.
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During the thermal life test, LED packages were placed in a temperature coritretladl
chamber (55°C, 85°C and third temperature) and powered up with external constant current driver
sources. At each readout time, LED packages were taken out of the thermal chamber to cool to
room temperature for both colorimetric and photometriasueement-igure73shows the HTSL

test condition for this dissertation.

Power Cycle ON
(350mA) OFF J
k——f——f
Aging . One Hour One Hour
55°C
Temperature1
25°C E
Aging 85°C 336 Hours
Temperature2 / | || || |
25°C |
. 336 Hours
Aging 125°C
Temperature3 25 - J - -
e
| 336 Hours |
| |
6000 Hours

Figure73: HTSL Test Conditions

Perthe LM80, he case temperature and drive current selected by the manufacturers should
represent their expectation for customer 6s aprg
operating temperature range. In ttissertationthe forward current is selected a®8%A and the
highest case temperature is 125°C which is very common to see in the automobile industry. During
the test, thambienttemperatures is controlled to £2°C during life testing by a THERMOTRON

thermal environmental chamber. Humidity inside thendber is maintained less than 65% RH
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throughout the life test. LM 80 test requires the test duration of at least 6000 hours with data
collection at a minimum of every 1000 hours. In this dissertation, the data was collected every two
weeks which is 336 hosiwhich is in the range of requirement. At each readout timed,EDs
are taken out of the thermal chamber to cool to room temperature for photometric measurement.
Then LED packages were put back inside the thermal chamber for further lifegest74 shows

the thermal chamber aidigure75 shows the LED packages during the HTSL test.

Figure74: Thrmal Environmental Chamber used in the HTSL

Figure75: LED packages under HTSL Test
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LM 80 test standard is the base of 184 test method which measures the luminous flux
and color maintenance of LED lamps, light engines and luminaires. The LM 80 test standard
requires that the measurement process should follows7®&BB electrical and phometric

measurement of solid state light products.

3.2.2.WET HIGH TEMPERATURE OPERATING LIFE TEST (WHTOL)

In the LM-80 test, only temperatuns involved and relative humidity effect are not
consideredIln LED-based luminaire applications, some are operamteatie harsh environment.
During the operation, the LED package not only experiences the high bias current and ambient
temperature, but also the humidity around the package, especially for the road lighting and

automobile lighting.

Power Cycle ON | | | | | |
(350mA) OFF

One HourOne Hour

Aging 85°C/85% _/ 1 1 L
—f

condition 1 25°C/30%

336 Hours

Aging werss [T U 1R
e——

condition 2 25°C/30%

336 H

Aging 65°C/90% ours

condition 3 25°C/30% __/ |_| |_| I_l I_
S
336 Hours

| |
| |
6000 Hours

Figure76. WHTOL Test conditions

Proper design of LED products for different environment requires the understanding of the
various effects on LED package from thermal stress and hum(@itypu, 2012) In this
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dissertation, a steaebtate temperatureumidity life test with an applied electrical bias was
performed to investigate the reliability of thegh-power phosphor converted white LED in a
humid environment. This ALT test environment consisted of seddfarent temperature and
humidity combination in order to investigate humidity related failure mechanisms bighe
powerphosphor converted white LED packadéigure76 shows the test conditions for WHTOL
test.

During the experiment, a temperature and humidity environmental chamber was used to
accelerate the life test of the LED packages. LED packages were placed in the temperature and
humidity mntrolled chamber (85°C/85%, 75°C/75% and 65°C/90%). LED packages were biased
in series with a constant current power source. At the same time, test samples were electrically
power biased on and off at an interval of one hour in the environmental ch&mnhbach readout
time, LED packages were taken out of the thermal and humidity chamber to cool to room
temperature for photometric measurement. Then LED packages were put back inside the thermal
and humidity chamber for further life teBigure77 shows the temperature and humidity chamber

andFigure78 shows the LED packages powered up inside the chamber.

Figure77: Temperature and Humidity Chamber used in WHTOL .Test

144



Figure78. LED padkages powered up inside the Temperature and Humidity Chamber

3.3.  MEASUREMENT

At each readout time, LED modules were taken out of the chamber aredl dowin to
room temperature first. Ilrachmeasurement, LED packages were mounted on a fin heat sink
which heps lower the junction temperature during the test in the integrating sphere. At the same
time, the LED packages were powered up with the power cord inside the integrated sphere and the
forward current is 350mA. The maximum forward current of the testedgdeRages range from

500-15000mA and the performed current is among the functional range according to the datasheet.

3.3.1. PHOTOMETRIC PROPERTIES

The basic photometric quantitiesiclude luminous flux, luminous intensity, etc.
Spectroradiomey is the basic mébd ofradiometryto measure the spectral concentration of the
given light source. Then the desired photometric quantity such as luminous flux can be calculated.
The measuremerdan bemade by a photometer that can be rotated around a lamp. Such an
asserbly is called a goniophotometer. There are many diffedesigns ofjoniophotometethat
cansamplingthe points ofmeasurements){alsh, 1958Krochmann and Marx, 1969pnes and
Berry, 1970, Brown, 1979DeCusatis, 1997)Goniophotometers are usually large instruments,

due to its working principle. Another method to measure the radiometric properties of lamp is
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called integrated sphere. If a source in placed inside a hollow sphere collated internally with perfect
diffusing material, the illuminance on any part of the surface due to the light reflection is the same
and proportional to the luminous flux emitted by the measured light sources:
E= R (53
A* p*r?*(1- r)

Where E is the illuminancerhich is defined as the total luminous flux rees per unit

area of sphere wall due to reflection and multiple reflection. P is total luminous flux emitted by
the |ight source inside the sphere. hesphese t he
wall.

The radiometric propertiemeasuremenin this dissertatiowas performed by utilizing
integrate sphere and spectroradiometggure79shows the integrated sphere, spectroradiometer

and connectors of LED package.

I Integrated Sphere ‘ Spectro- Radiometer |

Figure79: Integrated Sphere Measurement System

Integrating sphere system has adaget of easy operation and quick measurement. Air
movement is minimized and the temperature inside the sphere is not subject to the ambient

temperature outside of the sphere. Spectroradigmeeutilized to measure the absolute radiant
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flux of the LED packgesat each wavelengtfrom which luminous flux, radiant power, correlated
color temperature, chromaticity coordinates in the CIE chromaticity diagram can be calculated.
LM-7908 AEIl ectri cal and Pho Statehe tgrhit c R auwcrt e
2008a)has been used as the guideline during the experiment. This approved mettsoa give
detailed description of procedures and precautions to be followed in performing reproducible
measurement of absolute radiant flux whaan be used to calculate the luminous flalso,
photometric properties like chromaticity coordinates, color temperature and color shift distance
are recoded as well at each readout time. During the measurement, certain conditions must be
satisfied, espmally the ambient test temperature, because photometric values and electric
characteristics of LED product are all sensitive to temperature and air movement. According to the
test standard, the ambient temperature during the test should be maintai€tafe, measured
at a point less thanlm from the LED module. The forward current applied to the test LED should
be regulated to within £2percent of the specified value. Before the test, the LED modules should

be running long enough to reach luminous atgnd thermal stabilization.

Measured Spectral Radiant Flux
¢ vs Wavelength

Measured ¢m(pW/nm)

S0 200 500 800 700 800
Wavelength(nm)

Figure80: Measured Spectral Radiant Flux
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The integrating sphere uses what i's call ec
omnidirectional or forward directional by utilizing the entire sugfatthe integrating sphere. The
IES LM-79-08 (IES, 2008aWyszecki, 1982ktandard states that the total spectral radiant flux,
At est (&) [ W/ nm], of an SSL product under te
reference or <cal i br efore thertess thaimstiuenent(idtegrating $pkeree f o r
plus spectrradiometer) must be calibrated against a reference standard calibrated for total spectral
radiant flux(IES, 2008a) Since the integrating sphere is included in this calibration, the spectral
throughput of the sphereneedbot known. The total spectral rad
emitting diodeunder e st i s obtained by comparge$eh.t dheh:

calcul ation of t hest(ebhsalsutge vreandi ant f 1l ux A

yTEST(/) (84)
F Test / = F REF / *
( ) ( ) yREF (/)

Where yest( &) rer &) yare the spect rlEDpadkagesndet er r e
test and for the standard reference lamp, respectifd&®, 2008a) Figure 80 shows a
measurement of absolute radiant flux.

In the calculation, the se#fbsorption correction shall be considered.-&bHorption is the
effect, in which the response of tephere system changes due to the absorption of light by the
lamp itself in the sphere. Errors can occur if the size and shape of the test light source are different
from those of the standard light source. The-abHorption correction is critical, sinttee physical
size and shape of tHeED packagesunder test are typically very different from the standard
reference lamp isize and shap&he selfabsorption can be found through a comparison of an
auxiliary lamp.The sel-absorption factor is given by:

yaux,TEST (/ ) (85)

/)=
a( ) yaux,REF (/)
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Where yuxtes{ &) &k 2y are the spectroradi ometer
when the LED packages in the integrated sphere and for auxiliary lamp when the standard
reference lamp in the integrated sphere, @né) i sabdorptien facer nfeasured using an
auxiliary lamp as described in L9 (IES, 2008a)Please note that both the LED packages and
standard reference lamp should be turned off during the measurement of alaxiafyigure81
shows a sample of absorption factor:

The correlated absolute radiant fluk liED package with selébsorption factor can be

calculated by multiplying the measured absolute radiant flux witkabskbrption correction factor

yTEST(/ ) 1 (86)
Freal/) =F ree (/)* *
Test( ) REF ( ) yRE,: (/ ) a(/ )

Absorption Factor
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Figure81: Absorption Factor of LED packages
3.4. LumiNous FLUX
The luminous efficiency function describes the average spectral sensitivity of human visual
perception of brightness. It is based on subjective judgments of which of a pair of diffdeet

lights is brighter, to describe relative sensitivity to ligit different wavelengths. The CIE
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luminous efficiency function is a standard function established by the CIE and can be used to
convert radiant energy into visible luminous energy.

The total luminous flux (m) of the LED packages catten becalculated bythe
multiplying the measured absolute radiant flux with the wavelength depduanenbus efficiency
function (Eyesensitivity function)V ( &) . Then, this wavelength d
over the visible spectrum range (380r#80nm)to get theenergy At last the result will be scaled
by Km (683Im/W) which is the maximum spectral luminous efficacy. The total luminous flux can

be calculated byDeCusatis, 1997ES, 2008bYWyszecki, 1982)

Fresr(IM) = Km*7§: rest(/)*V(/)*d/ ®7

380

3.5. RADIANT POWER

Radiant power is the amount of power (light) emitted from a source irrelevant of the
direction it is emitted, expressed in Watt (W). Apglie the LED packages, it is known as spectral
power and defines the total amount of power in Watts emitted for each wavelength in each
direction. The radiant power of LED package can be calculated by the integration of the absolute
radiant fluxover the vsible spectrum range (380Am80nm). The calculation is given:

780 (88)
P= {F resr(/)* d/

380
Wall-plug efficiency of LED package is the ratio of the radiant power (the total optical

output power of the LED package, measuredatts) and the electrical input power which is the

product of forward current and forward voltage.

=) (89
| *V
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The efficiency of aLED packagecan be measured i simplified version (lumens per
watt). This methd calculateshow many lumens can be generated in 1 watt energy. The more

lumens per watt, the better the light source in terms of energy efficiency.

L _F(LM) (90)
| *V

3.5.1. COLORIMETRICAL PROPERTIES

The quantification of color is referred to the science of color (colorimetric). It is the science
that is used to describe and quantify the perception of light by the human eye in term of color
(Schanda, 2007)herefore, it asociates with the vision of human eyes very closely. The human
sense of vision is very different from the human sense of hearing. Mixing two monochromatic
color will appear to one color for human vision. Humaneunable to recognize the dichromatic

color of that color.

3.6. TRISTRIMULUS VALUES

Light creates different levels of excitation of the red, green, and blue totles eye
Human has slightly different sensation of color by a particular color source. Foedbn, the
International Commission fdtlumination (Commissionnt er nat i onal e del 6 Ecl
standardize the measurement of color by means of color matching fundtfgezecki, 1982)

(CIE, 2004a)

The color matcimg functionis obtained by experiment. A visible monochromatic color is
matched by the mixing of three colors (red, blue and green). A human subject makes these two
colors to appear the same by adjusting the relative intensity of the red, blue and green light. Then,
the color matching function could be obtained thitotige matching process across the whole

visible spectrum. The color maitaly functionsreflectthe fact that human vision process color in
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a way of trichromacy. The color of any light source could be aamation of three colors which

are red, blue and greefhe red color match functionisrepresentefa®-) . The green co
function is represented &k &) . The blue col or mdl shso,thenct i ol
color match functionofgree i s t he same with eye sé&Vheni tivit
judging the relative brightness of different colors of equal power, humans tend to perceive light
within the green parts of the spectrum as brighter than red or blue light. CIE has twosjaaHi

for a standard observer: the original 1931 specification and a revised 1964 specification. In both
cases the standard observer is a composite made from small groups of individuals @&ut 15

and is representative of normal human color vistagure82 (Wyszecki, 1982shows the color

match function of these twaersions

CIE Color Match Function

22
——xbar1931
1.7 ——ybar1931
zbar1931
1.2 - — —=xbar1964
- = —ybarl964
0.7 - — —zbarl964
0.2
03300 700 800
Wavelength (nm)

Figure82 1931 and 1964 Color Match Functid€IE, 1924)(Wyszecki, 1982)

For a given light source, the tristimulus values can be calculated with the absolute radiant
flux, reflectance spectrum amwlor match function. Thealculatedtristimulus values & the
intensity of thehreecolorrequired tanatch the color of the tested LED packg@ehubert, 2006)

(CREE, 2013)CIE, 2004a)Schanda2007) (Westland, 2004fWyszecki, 1982)CIE, 2004b)
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(CIE, 1995) The CIE 1931 tristimulsivalues are called X, Y, and IE XYZ trisimulus values
can be calculated by the integration of fhe o d u c t of the abuwithlthet e r ac

standard observer functiogsU U. The integration isipproximatedy summation, thus:

780 _ 15780 = (97)
X =k* I';LOF rest* X(/)*dl = @ K*F qeer* X(/)* D/
/=380
780 _ 13180 _ (92
Y =k* rs]aoF st Y()*dl = Q K*F qeer* Y(/)* D/
/=380
- %0 .=/ \% e .ol s (93
Z=Kk @OFTEST Z(/)*dl = q kK*Frgr* 2(/)* D/
/=380
100 (94)

k

~ 780

FE() G (/)
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Figure83: CIE lllumination Spectral power distributiofCIE, 1931)(Wyszecki, 1982)

The normalizing factor k is introduced such that Y = 100 for a sample that reflects 100%
at all wavelengths: recall that Y is proportional to the luminance of the stimulus. The introduction
of this normalization is convenient since it means that relatatber than absolutdn this

equati on, E (@) i's the relative specwhosal pow
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spectral power distribigtn is published.Figure 83 shows the spectral power distribution of
illuminant A and D65 CIE, 1995)

During the calculabn of tristimulus values, th CIE standard illuminant A wassed.
Standard illuminants provide a basis for comparing images or colors recorded under different
lighting. llluminants A, B, and C were introduced in 1931, with the intention of respectively
representing average incandescent light, direct sunlight, and average daylight. llluminants D
represent phases of daylight, llluminant E is the equalgy illuminant, whe Illluminants F
represent fluorescent lamps of various compositte the tristimulus values aralculated oyt
color coordinates and correlated color temperature can be obtained to describerthetigolo

properties of LED packagéSchanda, 200{Westland, 2004jWyszecki, 1982)

3.7. COLOR SPACE

Figure84: CIE XYZ Color Space(Wyszecki, 1982)

The threedimensonal color space CIE XYZ is the basis for all color management

systems. This color space contains all perceivable calbeshuman gamut. Many of them cannot
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be shown on monitors or printedhose gamut ismaller tharthe human gamyiwyszecki, 1982)

Figure84 shows the 3D chromaticity diagram.

0.9

520
S

0.8

Figure85: 1931 Chromaticity Diagram with tH&lanckian locusnd isothermal lines

CIE XYZ is based on a direct graph of the signals from each of the three types of color
sensors in the human eye. These are also referred to as the X, Y and Z tristaiuds 3 he CIE
XYZ tristimulus valuesare assigned to the redreen and blue curves respectively. XYZ is
typically used to report the spectral response of a sample measured by a colorimeter or a
spectrophotometeHowever,CIE XYZ system is not so useful for humans to describe color
because irregular 3D volume sleaig very difficult to understand. It would be much easier if the
3D color system can be transferred into a 2D color sfpagere85 shows the 1931 chromaticity
diagram.

This transformation process can be done by normalizing X, Y, Z with the total light

intensity (X+Y+2Z).
« = X (99
X+Y+Z
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X (96)

X +Y+z
= X (97)
X+Y+Z

Since x+y+z=1, all color can be represented in a plane consisted of x and y axis. Each pair
of (X, y) coordinate represent a unique cafothe 3D X Y Z color space. This transformation
transfer the 3D color space into a 2 D color space which is much easier to inTdrpréte 1931
chromaticity diagram can be used to map a device's color gamut showing the range of colors that
can be reprduced against the visible spectrum. Therefore, it can be used to compare different

devices.

520°535 550 555 T
o 570
10 580, 599

500 640 700
495

0.0 0.1 0.2 0.3 0.4 0.5 0.6 u 0.7

Figure86: CIE 1976 chromaticity diagram

Plotting x and y outwill give the 1931CIE chromaticity diagrantlowever, this
representatioallocates too much area to the greens confining most of the apparent color variation
to a small area The CIE 196 chromaticity diagram is the transformation of CIE 1931
chromaticity diagram. After the transformation, the color is much more uniformiybditsd.
Figure86 shows the CIE 1976 chromaticity diagram
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I n the 1976 the color space is defined by

calculated from both tristimulus values (X Y Z) and 1931 (X, y):

= FX . A (989
X+15*Y+3*Z - 2*x+12*y+3
, 9*Y 9%y (99)

VvV = =
X+15*Y+3*Z - 2*x+12*y+3
The CIE 1976 chromaticity diagram is mostly used to calculate correlated color

temperature, where the isothermal lines are perpendicular Rlahekian locusAll these color

space contai the same color information. They are just scaled differently. The big advantage
attributed to the 1976 diagram is that the distance between points on the diagram is approximately
proportional to the perceived color difference since color in the diaggamuch more evenly

distributed.

3.8. COLOR SHIFT DISTANCE

1976 Chromaticity Diagram

0.7

0.6 |-s59-535
. 0220 550 560
SGT 220 ssol oon
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 u 0.7

Figure87: Color shift distance in 1976 Chromaticidy Diagram

Similar to the 3D color space, the color difference irD2space can be determined using

the Euclidean distance between the initial, pristine value and the one obtained at each sampling
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period.The 2D color shift distance usually calculated under 1976&@i&maticitydiagram.Color

shift distance calculation is given as:

DU'V'= (U, - Up)? +(V, - V)2 (100
Where w and v are the measurement of period | andand \» are the initial color

coordinates in the 1976 chromaticttiagram.Figure 87 illustrates the calculation process of the

Euclidean distance.

1976 Chromaticity Diagram

0.56 —
—— 7-step MacAdam Ellipses
— 8SLQuadrangles
—Iso-CCT Line
— Black Body Locus

0.54

0.48

046

Figure88: ANSI tolerance for CFL an8SL

I n CIE (Il nternational Commi ssion on il |l umi
LED col or was represented by uniqgue ub6, vb6 coc
[19] defines the specifications for the chromaticity of solid statgifig products. Ispecifieshe
range of the chromaticity recommended for general lighting with SSL products. The existing
chromaticity standard (ANSI C78.376) for compact fluorescent lamps (CFL) is based on six
nominal correlated color temperatures. F86L products, quadrangles are used for the

chromaticity criteria. If the color coordinates shift out of the designated quadrangle, the color
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change is visible for humanFigure 88 shows the ANSI tolerance for CFL and SSL in 1976

chromaticity diagram.

3.9. CORRELATED COLOR TEMPERATURE
White light usually has a broad spectrum extegdiver the entire human visibiange. A
reference spectrum of white lights t he sun | i ght . However, t he

weather and other reasons. It is desirable to define an indepstatetdrd for white light.
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Figure89: Spectrum of black body with different temperatu(@gikipedia, 2006)

The Ranckian blackbody radiant spectrum is used as the standard. The-lmk
spectrum only depends on the temperature of the body. Thelmdgkspectrum is calculated by

Max Plank and is given:

2*h~kc2 (101)
h*c
[°* (exp————)-1
©XP( 4 <) D

Where T is théemperature of the black body, ¢ is the speed of light (2.998 m/K), h is

1(/,T)=

the Planck constant (6.626 x ¥J-s), k is the Boltzmann constant (1.381 30/ K) and &
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wavelength. The black bodylanckian spectrum of different temperature is showrrigure

89.The peak wavelength of radiation from a black body aptenr at ur e T i s gi ven
_2880m* K (102
/max - f

At low temperature, most of the spectrum is located at the infrared region. As the
temperature increases, the maximum of radiant shifts to the visible spectrum fEggon.

Tristimulus values of the black body radiant at temperature of T can be calcgtated a

X(T) = ﬁ (1, T)*x(/)* d/ (109

; 10
YM={¢.T)*y()*dl (109
(109

ZM) =, T)*z(/)*d/
0
With the temperaturedependent fistimulus values, the temperature dependent color

coordinates in the 1976 chromaticity diagram can be calculated as:

0T = 4% X(T) (106
X(T)+15%Y(T)+3* Z(T)

V(T) = o*Y() (107)
X(T)+15* Y(T) +3* Z(T)

Thetemperature deperdtu 6 vafues in the 1976 Chromaticity diagraare called the
Planckian locus or black body locus. This locus depicts the color of a black body would take in a
particular chromaticity space as the blackbody temperature ch&mgestested light sourcthe
col or coa,r dvraldle eatculated following the procures above. The correlated color
temperature can be found by the interpolation between the two closésmiserature lines.

Figure90 shows the Planckian locus in the 1976 chromaticity diagram.

160



1976 Chromaticity Diagram

Figure90: Planckian locus(Red line) in the 1976 chromaticity diagram

The color coordinates of the black body radiation with various color temperature are given

in the followingTable6 (Ohno, 2013 (HernandezAndres, 1999)Hsieh, 2012)

Table6: Color Distance between Tested Source and Black Body Rad{&tioro, 2014)

Temperature(KJi) | u(i) v (i) Distance(i) | Sample i
1000.00 0.448011] 0.354625( 0.230361 |1
1010.00 0.445681] 0.354826( 0.228073 | 2
1020.10 0.443353] 0.355026( 0.225787 | 3
4404.38 0.218633] 0.329547| 0.002536 | m-1
4448.42 0.218016| 0.329042| 0.002328 | m
4492.91 0.217407] 0.328537| 0.002377 | m+1

19, 592.54 0.183990| 0.277410| 0.060959 | 300
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19, 788.47

0.183939

0.277254

0.061115

301

19, 986.35

0.183888

0.277100

0.061270

302

Figure91l: Location of the Corrleated Color TemperaturdlmPlanckian locugOhno, 2014)

CCT calculgion starts with a minimursearch for the temperature that gitlee smallest
color difference between the tested light source and the black body radiation. In this example
sample mhas the nearest distance with the tested light source. Ttnemgle could be plotted

with the coordinates of the4h sample, m+1 sample and the color coordinate of the tested light

source Figure91 (Ohno, 2014shows the constructed triangular.

The Planckian locus could be assumed a line betweeaid Tm+1. Draw a vertically line
from (ux, vx) to the Planckiafocus. The intersectionmlis the closest point to the light source

(u'x, v'x) and is the CCT value to be obtained. Detailed calculation could be illustratdeiguite

92 (Ohno, 2014)
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Figure92: Triangular principle of CCT Calculatio(Ohno, 2014)

The CCT of the test lamp could be calculated as:

CCT= TX = Tm—l + (Tm+l - Tm_l)% (108)
Where x and L can be calculated as:
Lod2i-dz el (109
20
L = \/(u.m+l_ ulm—1)2 + (V'm+l_ Vlm—l)2 (11(»

There are three kinds of white based on the correlated tavtgperature (CCT) of their
light spectrum. CCT of 2768000 K (kelvin) are defined as the warm whitgelowish type of
white. CCT of 35004000k are described as neutral white and above are defined as cool white
(blueish white). Color temperature and @maticity space coordinates are important aspects of
light. LED degradation not only results in the decrease of luminous flux output, but also may
produce significant color shift which can contribute a failure in critical applications. It is thus

necessaryo maintain both the luminous flux output and color in acceptable error bound
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3.10. CoOLOR RENDER INDEX (CRI)

Color rendering effects of a light source is defined as the effect of an illuminant on the
color appearance of objects compared with their cagrearance under a reference illuminant
(CIE 1974).In this contextthe CRI of a lighting sourcas defined as the measurement of the
degree to which the perceived color of objects illuminated btested light sourceompare to a
reference illuminantThe CRI of a light source does not indicate the apparent color of the light
source. It is understood to be a measure of how well light sources render the colors of objects,
materials compared with standaltdminant Therefore, there must be agree ondtamdard light
source with which teéhe test lights areompare.The choice of the standard source with which to
compare the tested |ight source should be abl
perceived color of an object in the sdand source should be the same with the color it is usually
observed. In most practical case, the standard source is the natural day light.

The CIE 1974 hareecommendethe method to specify the color rendering properties of a
light source. The CIE colaender index is based on a color shift method, because it evaluates the
average colorimetric shift in a color spatke CRI is calculated by comparing the color rendering
of the test source to that of a standard illumination source. The reference illtirsinace is
different for different light source. If the CCT value of light source is below 5000K, the reference
illumination source should be Planckian radiaifidre reference illumination should be the same
or nearly the same chromaticity as the lighiree to be tested.

CRIis measured only with respect to a reference source which is either the blackbody curve
below 5000K or a CIE Daylight source above 5000K. The reference must be the closest in
chromaticity (color) to the source being tested. Othsgwhe comparison makes little sense.

Comparing the CRI of two very different color temperature sources is meaningless but in general,
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higher CRI mean less deviation from the reference sotnarethe calculating of CRla setof
specific colors is used tmeasure the color difference between a reference source and the source
under tesin the interest of internationatandardThis is termed the General Color Rendering Test
and represents a calculation using color sample numbers R1 through B32color sample is
defined by the Japanese Industrial StandardZ8[& that pertains to Japanese complexion under
daylight conditions. Their approximate Munsell notations and color appearance under day light is

given inTable7 (CIE, 1995)(Schanda, 200{Zukauskas, 2002)

Table7: Standard CIH est Color SampleCIE, 1995)
Standard Test Color NO. Approximate Munsell Notation
7.5R 6/4
5Y 6/4
5GY 6/8
2.5G 6/8
10BG 6/4
5PB 6/8
2.5P 6/8
10P 6/8
4.5R 4/13
5Y 8/10
4.5G 5/8
3PB 3/11
5YR 8/4
5GY 4/4
1YR 6/4

OlojN[ocJOR[WIN]F-

=y =
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By convention, théPlanckianblack-body referace source is assumed to havE€RI of
100, because natural daylight resembles a Hback/ radiation. Light source other than the
standard illumination reference source will have a CRI lower than 100, because the reference

illumination source has a CRI of 100. Emission of incandesaam follows the pattern of black
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body radiation. Therefore, inedescent lampasthe highesCRI compared with fluorescent lamp

or LED lamp.

CIE CRITCS
0.8 - . . ’

TCS1

TCS2
0.7 | TCS3

TCS4

0.6 ! TCSS
TCS6

O 5 | TCS7
' TCS8
0.4 |
0.3 |
0.2

0.1 |

460 450 560 550 660 650 760 750 860
Figure93: CIE Test color sample reflectivityCIE, 2004a)

The general CRI is calculated basedthe first 8 test color samples asdin average of
the first 8 samples:

i=8 111
CRI, = L. a CRI (111
8
Where CRIiare the special CRIs for a set of eight-mdbr samples. The special color
render index can be calculated by:
CRJ, =100- 4.6* DE, (112
Wh e r ¢ is tipEquantitative color change of the teslor sample when it is illumated
with the reference illumination source and with the test light source. The CRI will have a value of
100 if there is no difference in color appearance when illuminated by tested light source and

standard il | uniiplays i importargtabeuduriogethe cajeBlation of CRI. The

quantt at i ve vianbtwely dependsqmE the tested light source, but also has a strong
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dependence of the picked standard illumination source. The 14 test color samples are defined in
terms of their spectral refctivity. The reflectivity curves of the international standard test colors
are shown irFigure93 (CIE, 2004a)CIE, 2004b)

There are several steps during the calculation of CRI. The first step is find the right
reference illumination sourc&enerallywhen the correlated color temperature of the test lamp is
less than 5000K, the ik body radiator with the same color temperature should be used as the
reference illumination sour ¢ hichis the differense inc as e
appearance of a test color when illuminated by the test Emdpthe reference lamp, cae

calculated as:

DE" = /(D) +(Du")” +(Dv')? (113

Where

* * Yref i : Ytesti = (114)
DL =L rer - L et =[116* (Z20)3 - 16] - [116* (W=)3 - 16]

ref ref
DU =Uref - U test =[13* L res (uref,i - U )] - [13* L*test(utesti - U )] (119
DV =V ref - Vest =[13* L res (Vref,i = Vit )] - [13* L*teSt(Vtesti = Vit )] (119
o X (117
X+15*Y+3*Z
6*Y (118

V=
X+15*Y +3*Z
Where X, Y and Z are tristimulus hee. If they are the tristimulus values of the reference

source spectrum, they will be calculated with spectrunefeirencellumination sourceS ( that
reflected from the test color sam@I€; ( aIj they are the tristimulus values of the tested light
source, they will be calculated with the spectrum of the testedlightsource that reflected from

the test color samplECi ( & 7he tristimulus values of the reference illumination source and tested

light source can be calculated as:
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780 11
AS(/ ) * (1 )* d/ (119
X =30 *100

ref — 780
psS(/)* y(/)*d/
380
780 12
S/ )* y(/)*d/ (129
Y, =3 *100=100

ref — 780
Fs(/)* y(/)*d/
380
780 12
FS(/)* 2(/)* df (121
z., =3 *100

ref — 780
ps(/)* y(/)*d/
380
780 12
FF (/)% %(/)* df (122
X, . =3 *100

test ~ 780

st/ )* y(/)*d/
7% (/)*y(/)*d/ (129
Yy =20 *100

psS(/)* y(/)*d/
()2 dl (124

Z. =2 *100

test — 780

s/ )* y(/)*d/
380
The tristimulus values for test color samp

illumination source can be calculated as:

780 B (125)
S/ )* TC (/) * X(/)* dI
X (TCi) = 22— *100
pS(/)* y(/)*d/
780 B (12@
FS(/)*TC, (/)* %(/)* d/
Y, (TCi) = — *100
S/ )* y(/)*d/

380
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78%5(/ y*TC. (/)* x(/)*d/ (127

Z. (TCi) =2 %100

780

is(/)* y(/)*d/
380
The tristimulus values for test color samp

source can be calculated as:

7% (/Y*TC.(/)* X(/)* d/ (128

X ot (TC) = *100
pS(/)* y(/)* d/

380

() TC 1) 50y (29

Ytest (TCI) = o 780 * 100
is(/)* y(/)*d/
380

P () TC(0) X (39

Z o (TCi) = 2 *100

780

s/ )* y(/)*d/
380
To get high CRI value, the tristimulus values of the tested lamp sheuds close as the

tristimulus values of the reference illumination source. The calculation of CRI showsribat it
only account for the abilitpf a light source to render the chromaticity of a physical object, but
also account for the ability of a test source to render the lightness of a physicaltdtyester,
when the CCT of a lighgource is high than 5000R|anckiarblack body radiatorcant be used
the reference illumination source any more.
When the light source chromaticity is far from tlanckianocus, the CRI should be very
low according to the calculation abowdowever,in the real situation, colors can be vivid and
natural even for illumination sources slight off fAlanckianocus due to the chromatic adaption.
Chromatic adaptation i s tpphree shaurmaen tvh es uaapg p esarsa

colorsuncer different illuminations system. An object may be viewed under various conditions.
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For example, it may be illuminated bkaylight the light of a fire etc In all of these situations,
human vision perceives that the object has the same color: an kpgys appears red, whether
viewed at night or during the day. On the other hand, a camera with no adjustment for light may
register the apple as having varying color. This feature ohtlmeanvisual system is called
chromatic adaptation, or color constan€IE 1995 introduced an alternative method to calculate
the (RI in a more realistievay. This methodconsiderghe human ability of chromatic adaption

by introducing the concept of adaptive color shift. The change in chromatic adaption caused an
adaptivecolor shift for each test sample which can be estimated by making use of a Von Kries

type linear transformation of the CIE tristimulus values.

3.11. PEAK WAVELENGTH

Spectrum datare the finger print of a tested light sourcEhere are two peaks of the
spectrun of phosphor converted LEDs. One peak is caused by the semiconductor blue emitter.
The other peak is the emission spectrum of the phoshtomitoring the wavelength of these two
peaks help to understand the degradation mechanisms of LED packagepetkheavelengths
have no shift during the operation, the degradation is probably caused by the degradation of optical
parts. However, ipeak wavelengths shifted during the operation, it is for sure that some physical
properties of the LED packages degrddFor example, yellow peak wavelength shifty mean

the chemical property degradation of phosphor particles.

3.12. PHOTON NUMBER
The radiant energy of n photon at speci fi
equation:

O=n= h*czn*1.99*10'16 (131
/ /
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Where Q is the photon energy in joules
which equal 6.626*1484. c is the speed of light (meter / second) eqaals 3*108. If the total
energy is known, the number of photon at a specific wavelength can be calculated as:

n="503*10°*F * / (132

With the measured absolute radiant flux, the total number of photon emitted by LED at

each readout time can be calculated with:

800 (133)
TotalNumbeofPhotons= $.03* 10 *F */ *d/

350

3.13. VI CuRVE

LED is a semiconductor device form from-a punction. When it is forward biased, it will
pass current. The forward current and forward voltagxonential relatiom an active device
such as an LEDMeasuring the characteristics curve of the LED package helps to monitenthe p
junction inside the package. During the accelerateddst, at each readout time, VI curve of the
sampleswere taken. The test result can be used to check if there is any material or electric
degradatiorof the semiconductor devicdn this dissertation, all VI curves were taken with a
source meter. During the measurement, forward cuwestchangedrom OmA to 700mA and

forward voltage of LED packages were takeigure94 shows a measurement of VI curve.
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Figure94: LED VI Curve Test Result
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4. EXPERI MENRRIULASOFAIl LUNECHANI SM
ANALYSI S

Development of failure distributions in absence of accelerated test methods presents a huge
challenge to testing the life of LED systems. Life and reliability of the LED systeynchange
with the change of the condition of operation. However, standardized accelerated life test methods
for fastturn testing of LED failure mechanisms are not available. In this section, various
accelerated life test conditions were performed orhitjle powerpc-LED packages. Test results
are presented in three groups: WHTOL test without electrical bias, HTSL test with electrical bias

and WHTOL test with electrical bias.

4.1. WHTOL TEST WITHOUT ELECTR ICAL BIAS

A set of test samplesf XRC from CREE Lighting were used fdhis experimental
measuremenfThis unique package allows very precise failure analysis to be performed. The test
samples feature electrically neutral thermal path, low thermal resistance (12°C/W) and support for
a wide rage of drive currents (maximum to 500 mA). Usually in the LED driver, Flyback
converter is used in DC/DC conversion with galvanic isolation between the input and outputs. The
PWM control of the Flyback converter can be integrated in one chip with thevbltige
MOSFET and only a few external components are required which allows a small profile in the
Light emitting diode driver design. The test samples were mounted on the cold side of TE
technology TE2-(31-12)1.0 Thermoelectric Module (Peltier Modulefhe hot side of this
thermoelectric module was mounted on a heat sink. Test samples were subjected to 85°C
temperature stress and 85% relative humidity in thermal and humidity chamber. The samples were
not powered during temperature humidity testing. Saswere taken out for forward voltage,

forward current measurement and luminous flux measurement at regular times. When taking the
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lumen measuremerthe forward voltagés set to2.3 V and the initial forward current is 135mA.
Theworking condition for hermoelectric module is 2.5 Volts atige current i$50mA.

During the VI curve measurement, forward voltage has been programmed to go up slowly
at an interval of 0.01 V and forward voltage and forward current are recorded by Agilent 34970A
data loggerThe LED was powered by square wave pulse, in order to reduce the heat generated in
the RN junction. The Agilent 33220A function generator produces a small current square wave
and this wave was amplified by TIP125 Epitaxial Darlington Transistor to diigearrent square

wave source which powers up the light emitting diode. Detailed test set up is giignne95.

Power

Blcle LED resistance

|

— —

Fﬂ. R1=0.80
R2=500

E

C -_|

+ =

Power
Supply

Figure95: PWM Setup

To monitor both forward voltage and forward current, a power resistor has been put in
series with the LED. The second channel was deplty@donitor the voltage of power resistor
and with the power resistance value. The forward current was calculated from these values. Data
logger deployment configuration is shownhigure 96. In this experiment, three data channel

need to be recorded automatically, forward voltage, forward current and reference point
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temperature. An Agilent 34970A data acquisition system has been deployed to commuitiicate
the CPU with a GPIB card. The data logger is used to monitor multiple signals over extended

periods of time to identify irregularitieszigure97 shows the Labview virtual instrument used for

data acquisition.

Data logger

Chanel 1 Chanel2
Forward voltage Forward current

Power
resistance

LED

= -

Figure96: Data Logger Set Up

Hz [[remperature (33 Forward voitageon ||

{81 [[rorward currenttay |

B e
Forward current ‘

[-Highest 1

Figure97: LabVIEW program for the data acquisition
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A CPU has been used to record the data with aal ledbVIEW program. A LabVIEW
program has also been built to connect between the data logger and CPU. Another LabVIEW
program has been built to control the programmable Agilent E3631A power supply.

Modified PWM (pulse width modulation) has been used in this experiment to power the
LEDs. PWM is a powerful way of controlling analog circuits and systems, using the digital outputs
of microprocessors. PWM provides a way to control a digital signal, thriggalteration of state
and frequency. This modulation affects the magnitude, frequency and duty cycle of square wave

pulse. By changing the magnitude of the square wave, the forward voltage can be dfignged.

98 gives an output example.

PWM output
15}
o]
& 101
G
|
[T
0 200 400 600 800 1000 1200

Time ms
Figure98: Modified PWM Output

In this experimental set up, the output of power supply can be programmed to change
according to certai path. The second parameter is the duty cycle, which can be changed by

adjusting the duty cycle of the function generator. With these two parameters, this experimental

set can give out any square wave the light emitting diode needs.
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In this experiment,hree parameters have been recorded for the further study of light
emitting diode failure theory. The first pair was forward voltage and forward current. Test result
was used to plot the IV curve. The third parameter is luminous flux of the LEDs, whidiecan
correlated with the change of IV curve to identify onset of LED failkigure99 shows the shift
of IV curve with time. Notice how forward currectianges at constant forward voltage. It changes
prior to the traditional definition of failure of light emitting diode. The advance warning of failure
validates the use of forward current as the leading indicator in the prognostics health management

of light emitting diode.

XR_C WHTOL Test IV Curve
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Figure99: XRC RMS IV Curve for WHTOL test without bias

At the same time, luminous flux measurement has also been measured. The following table
gives the test result for 1296 hours. According to the IES7BNbr the Electrical and Photometric
Measurement of SolidState Lighting Product, luminous flux was test at the forward voltage at

RMS 2.3 V and at the initial state forward current was RMS 126 mA. The test condition is
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consistent with usage, typically range of 250mA peak value. The test reference temperature is

22°C. The junction temperature is related to the dissipated power as follows:

Tj — TRef + qu—Ref * PD (139
Wh e r e-Rd&Ri8 thermal resistance (°C/W) from LEBNPjunction to a reference point

(which can be air, heat sink, gtd?Dis power dissipation (W) can be calculated by LED forward

current multiply by forward voltage. TRef can be measured with a thermocouple. From the XR_C

speci fi cRefis1ld°C/W adtéePN junction temperature is approximately 25°C which

gualify the test standar&igure100shows the scheme diagram of the thermal resistances.

Thermalcouple

FR4 board

/_\ /_\ /_\ Heat sink

Figure10Q Thermal Resistance set up at the initial state

In this experiment, Best samples have been used. Experimental data indicates that forward
current can be used as the leading indicator in the prediction of remasehng life of light
emitting diode. Figure 101, andFigure 102 show the change in current, and luminous flux for

different samples tested
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Luminous Flux VS time at 2.3 Volt
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Figure101 Change of Luminous flux vs agjnime at forward voltage 2.3 V RMS
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Figure102 Change oforward Current vs aging time at 2.3 V RMS

Figure 103 and Figure 104 shows correlation of lumen degradation with change of

resistance at 2.3 V RMS.
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Identification of Leading Indicators
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Figure103 Correlation of forward current, luminous flux and resistance (Safple

Identification of Leading Indicators
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Figure104 Correlation of forward current, luminous flux and resistance (Safjple

FigurelO0landFigurel02show the degradation of luminous flux and forward current. The
degradation indicates that they follow the same pattern and forward current can be used as the
leading indicator of the LED packageFigure 103 and Figure 104 test result indicatetha, at

constant forward voltage, forward current drops because of the increasing of resistance. The
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increasing of resistance make the junction temperature higher and more energy will become heat
rather than turning into photons. Asesult,the luminous flix drops which can be proven by the

test result irFigure101 Figurel05shows the measured radiant flux.

Radiant Flux VS Aging Time (Sample-1)
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Figure105 Change of Radiant flux vs aging time

In Figure 105, there is a obviousdrop of the radiant flux of the LED package. There are
two peaks in the speaim. The first pear around 450nm is caused by the emission of the LED chip.
After the excitation of the phosphor, the excitation peak is around 560nm. With the combination

of blue light and yellow light, the LEPackage give out white spectrum

4.2. HTSL TEST WITH ELECTRICAL BIAS

In this and the following section, experiments are set up to explore the different effects of
the humidity and thermal stress on LED packages. High CRI (Ra=80), commercial available warm
white (3000k) LEDs are used to study the degradations caused bya&mpand humidity. Each

group focuses on either the thermal stress or the combination of thermal stress and humidity.
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Extreme conditiowasintentional picked up to accelerate the life test. If test restiie same, it
can be proven that humidity had effects on LED package. All the damage of the package comes
from thermal stress. On the other, if the test results betweergeaghare not same, thermal
stress and humidity effects can be concluded from gwamip

Two kinds of commercial availabjghosphor convertesdarm white LED packages were
used for the designed test. Those LEDs were purchased from LED supply. Each of the LED
packages was pisoldered on a star board. They were powered up through the solder pads that
connect the electrodes inside the package.ttard can be directly fixed on the aluminum heat
sink with screws. LED packages were biased in series with constant current power source. During
the experiment, temperature environmental chamlasrused to accelerate the life test of LED
packages. Tesprocedures followed the protocols that outlined in JESB2Q1C from the
electronics industry(JEDEC, 2010)(JEDEC, 2009) This test standard requires constant
temperature. At the same time, teshpdes were electrical power biased on and off at an interval
of one hour in the environmental chamber.

Five groups of samples were prepared for the designed test and each group had a population

of five. Detailed test condition for each group are providetie Table8.

Table8: Test Condition of Each Group

Group | Test Vehicle Current | Test Condition | Aging Time
1 XR_C Warm Whie | 350mA | 105°C 6360 hours
2 XR_C Warm White|] 500mA | 175°C 816 hours

Each group was powered in series with constant current power source at designated current.

Samples were attached to aluminum heat sink and secured with screws. Three constant test
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environments were used to check the different effects from temperature and humidity. During the
test, each group that mounted on heat sink were placed in their own environmental chamber for
accelerated lift test. The LED package were powered up with sacorsirrent drive that was out
of the chamber. After two weeks, 336 hours, LED packages were moved out chamber and cooled
down to room temperature. Their photometric and colorimetric properties were measured inside
an EVERFINE integrated sphere, followitige instructions from LM79 test standard

Characteristic curve of the diode was measured with KEITHLEY 2401 power source.
Sweep current changed from OmA to 500mA and forward voltage was measured. VI curve of the
LED was plotted with the measured datantonitor the electrical properties of the die. After
electrical properties measurement, all samples were returned to the environmental chamber for
further accelertad life test. The direct measurementadiant flux Someother parameters were
also calcuhted based on the measured data, such as@@IByshift distance, luminous flux and

radiant power. All measured and calculated parameters are listad)|&0.

Table9: Measured and Calculated Parameters

Measured Calculated

i Absolute Radiant
Flux (€W/nm)
1 VI Curve

Luminous Flux (lumen)

Radiant Power (W)

Color Shift Distance

Photon number (1/s)

Yellowness Index

Yellow to blue ratio

Correlated Color Temperature(K)

Color Coordinates in Chromaticity Diagrgoné v 0 )

= =4 =4 -8_9_9_9_°_2
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FigurelO6andFigurelQ7illustrate the radiant flux measurement of XRC LED at different

temperatureAbsolute radiant flux is measured with spectroradiometer and integrating sphere in

e W/ nm. Abs ol uteachvisibld waaatehgthfwasiplet together as a spectrum.

Radiant Flux vs. Aging Time 105°C
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Figure106 Radiant Flux Measurment of XRC LED at 105°C
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Figure107: Radiant Flux Measurment of XRC LED at 175°C
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XR_C Luminous Flux vs
70 AgingTime(105°C)
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Figure108 XRC LED luminous Flux measurements at 105°C

Based on the absolute radiant flux, the luminous flux could be calcufagene 108 and

Figure109shows the luminous flux of XRC LED at different aging temperature.
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Figure109 XRC LED luminous Flux measurements at 175°C

185



XR_C Correlated Color Temperature

3500 vs Aging Time(105°C)
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Figure11Q XRC Correlated Color Temperature measurement at 105°C

Figurel1l0andFigure111shows the CCT measurements of XRC LED at different aging

temperature.
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Figurelll XRC Correlated Color Temperature measurement at 175°C
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XR_C Radiant Power vs Aging
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Figurel12 XRC radiant powemeasurement at 105°C

Figurell2andFigurel13shows the radiant power measurement of XRC LED at different

aging tempmature.

XR_C Radiant Power vs Aging
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Figure113 XRC radiant power measurement at 175°C
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XR_C Blue to Yellow Ratio vs
0.7 Aging Time(105°C)
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Figurel14 XRC Blue to Yellow Ratio measurement at 105°C

Figure114 andFigure115shows the blue to yellow ratio measurement of XRC LED at

different aging temperature.
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Figure11l5 XRC Blue to Yellow Ratio measurement at 175°C
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XR_C Color Shift Distance Au'v' vs

Aging Time
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Figurell6. XRC Color shift distance measurement at 105°C

Figure 116 and Figure 117 shows the color shift distance measurement of XRC LED at

different agirg temperature.
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Figure117. XRC Color shift distance measurement at 105°C
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976 Chromaticity Diagram
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Figure118 XRC Color Shift Path measurement at 105°C

Color Shift Distance is the absolute distance between the accelerstede d LED modul
chromaticity coordinates and the pristine LED
color space. Monitoring the color shift path helps to understand which parts of LED package fails
and analysis can be great help for LED desigFigure 118 shows the test result of color shift

path in the 1976 chromaticity diagram

XR _C VI Curve vs. Aging Time (105°C)
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Figure119 XRC VI curvemeasurement at 105°C
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XR_C VI Curve vs. Aging Time (175°C)
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Figure120 XRC VI curve measurement at 175°C

LED is a semiconductor device form from-a punction. When it is forward biased, it will
pass current. The forward current and forward voltage is exponegitiion. Measuring the
characteristics curve of the LED package helps to monitor-thgupction inside the package.
During the accelerated lift test, at each readout time, VI curve of the samples had been taken. The
test result can be used to chefcthere is any material or electric change of the didelgure119
andFigure120show the test result of one sample from XRC LED at 105°C. Test results of other
samples in each group have the same pattern.

Figure119demonstrates that there are no monochromatic pattern of the change of the VI
curve during the accelerated life test. It can be concluded that electric properties of the diode were
very stable during the high temperature test at 105°C. The conclusionegmeamt with the
absolute radiant flux measurement. Howeverfigure 120, an obvious VI curve shift can be
observed. This is also consistent with #iesolute radiant flux measurement of XRC LED at
175°C. Dramatic change of VI curve means the electric or material change of the diodes inside
package. That also explains the big drop of the blue peak intensity of XRC LED at 175°C.
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4.3. WHTOL TEST WITH ELECTRI CAL BIAS

This chapter focuses on the failure mechanisms and color stability of a commercially
available high power LED under harsh environment conditidhs. reliability of highpower
LEDs (HRLEDSs) used for illumination have been studied for the pastaars and major findings
are reviewed elsewhere. There has also been previous work on other SSL luminaire components
such as drivers, but in general there is a lack of publicly available data on humidity effects on LED
packages. IESNA (illuminating Engieeng Societyof North American) publishedtast standard
LM-80. LM-80 refers to a method for measuring the lumen depreciation ofstatil lighting
sources, such as LED packages, modules and arrays. This standard methodology would allow
customers to eluate and compare the lumen maintenance of LED components from different
companies. During the test, LED packages are placed in a temperature controlled case (55°C, 85°C
and third temperature) and driven with external current sources. At each readoliBidsare
taken out of the thermal chamber to cool to room temperatureaftometricmeasurement.
However, in the LMBO0 test, only temperatuiie involved and relative humidity effect are not
considered. In LED based luminaire applications, some anategdein the harsh environment.
During the operation, the LED package not only experiences the high bias current and ambient
temperature, but also the humidity around the package, especially for the road lighting and
automobile lighting. Proper design &ED products for different environment requires the
understanding of the various effects on LED package from thermal stress and humidity. In this
section, the pt.ED packages are exposed to high humidity for accelerated life test. During the
accelerated fe test, the effects of VOC contamination are also studied. Several LED
manufacturers have released application notes pertaining to the chemical compatibilities of the

LED products. Material selection considerations and chemical compatibility test meitteods
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outlined in order to increase the overall lifetime of LEDs through the reduction of VOCs during
operation. In this dissertation, VLEDs from the same manufacturer have been studied in a

contaminated and uncontaminated environment.

4.3.1.WHTOL TEST WITH ELECTRICAL BIAS IN THE VOC CONTAMINATED

ENVIRONMENT

If a high-powerpc-LED package is in the presence of VOCs, then VOCs can diffuse into
the gaspermeable silicone lens and encapsulates. The VOCs will occupy the free space in the
molecular structure of the gitbne. Once exposed to high photonic energy emitted by the LED and
heat from the junction temperature, the VOCs start to discolor and deterioratelti® pthe
predominant failure mechanism of VOC contamination is the discoloration of the phosphor layer.
After VOC contamination occurs, the degradation of luminous flux and the chromaticity shift
becomes extremely rapid.

Periodically, luminous flux and CCT were recorded in order to correlate the photometric
and colorimetric results to the predominant falorechanisms previously described. The lighting
measurements followed the L-FB-08 test standard. Additionally, the VLEDs were subject to a
steadystate temperature humidity life test of 85/85 with an electrical bias based on the JEDEC
standard JESD22101C and other reports. Upon completion of the accelerated testing, a pristine
sample and the contaminated samples was-s&dsned to further investigate the contamination

area of the VLED packagEigure121shows the contamination source for this experiment.
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Controlled Stopper Thermal Aged Stopper Discolored Epoxy

Figure121 Potential Contamination Soutce

In thistest,there are two potential contamination source. The first is the port stopper of the
thermal and humidity chamber and it is made of vulcanized rubber. Sulfur is added to the natural
rubber during the vulcanization process. However, sulfur is known to efcape¢he rubber,
although with short chain plasticizing molecules at high temperature.

The second potential source of contamination is the adhesive epoxy used in the thermal
and humidity chamber. In order to fix the thermal couple and humidity senebdrpfaadhesive
epoxy were used in the chamber during the maintenance. After the test, an obvious discoloration
of the adhesive epoxy can be observed.

During the test, samples of the same-&R_ED packages are separated into two groups.
Each group had aopulation of five. The first group stayed in the contaminated chamber until
complete failure. Samples of the second group had been moved into VOCs free chambers after the
observation of VOC contamination to monitor the reversibility of contaminaliaiole 10 shows

the test matrix.

Tablel10: Test Groups
Group Group Attributes
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GroddStayedt he contaminated
fail utroe MIm@®@t ami nati on

GrotgMoved into VOCs free ch
of VOC contamination

The first groupdés test result shown that

in a short time due to the VOC contaminati on.

contamination process was reversible, if samples were transferretbtmanvironmentDuring
the test, pictures were taken to record the discoloration process at each readout time with digital
camera.

Figure122show the expansion of the discolored area caused by VOCs contamination for
the first group. The black area only appears in the phosphor layer. Detailed analysis is followed in

the next phase.

Ohours 144hours

384hours 480hours 504hours

Figurel22 Expansion of Contaminationréa
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Relative Luminous Flux Test Result
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Figurel23Relative Luminous Flux measurement of Groupl

Figure 123 shows the relative luminous flux of the groupl samples during the test. It is
obvious that the luminous flux drops dramatically in a very short time in conjunction with the
appearance of distoration area.Figure 124 shows the recorded data of correlated color

temperature. From the result, it can be observed that color shifts from wlortéccyellow area.
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Figurel24 Correlated Color Temperature measurement of Groupl
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1976 Chromaticity Diagram
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Figurel125: Color Shift in Chromaticity Tolerance of ANSI of Group 1

It can be shown that the color temperatureheflamp shifts dramatically because of the
discoloration of the phosphdfigure 125 shows the color shift pathf Grouplsamplein ANSI
tolerance for SSL source in the 1976 ubd6, vo6 cl
arrow in the plot. Following the arrowhe color shift from near the Planckian locus to yellow area
indicating a filtering of blue emission.

The other group test result shows that the discoloration process is reversible when samples
were moved to VOCs free environment. Luminous flux outpthi@Bample can go up again. Also,
color coordinates in chromaticity space can shift back to the place that near whiteé-igoirg.
126is the test radt of relative luminous flux for the group2 samples. Relative luminous flux goes
down dramatically caused by the VOC contamination and then goes up when samples were

transferred to clean chamber.
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Relative Luminous Flux vs Time
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Figurel26. RelativeLuminous Flux Measuement @éroup2

Figure 127 shows the correlated color temperature test result of the second group. From
the test result, the CCT value drops first and then starts to increase caused by the disappearance of
discoloration area.

Figure 128 shows the color shift distance during the test. In the contaminated chamber,
color shift dramatically in short time. When the sa@sphere removed to clean chamber, the color

shift distance started to decrease, because of the disappearance of discoloration area.

Correlated Color Temperature vs Time
8000

7000 T

6000
2 5000
]
Z 4000
£ 3000
2000 Samples Moved Time #7

Correlated Color

1000 #9

0
0 200 400 600 800 1000 1200 1400

85°C and 85% RH Aging Time(Hours)

Figurel27 Correlated Color Temperature measureme@rolup?2.
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Color Shift Distance Au'v' VS Time
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Figure128 Color Shift Distance Measurement®foup2

Figure129shows the color shift path of a sample from group 2 in ANSI tolerance for SSL
source in the 1976 u6, vd6 chromaticity diagra
The color shift follows the black arrow in the plot. Followitg tarrow, the color shift
from near the Planckian locus to the yellow area after contamination. However, when the sample
were moved to VOCs free environment, its chromaticity coordinates started to go back to place

that near the Planckian locus.

1976 Chromaticity Diagram

u'

Figure129 Color Shift in Chromaticity Tolerance of ANSI of Group 2
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Figure130: Reversing Process of VOC contamination

During the reverse process, optical image of LED packeagrecorded to monitor the
change of the contamination area on the phosphor I&ygure 130 shows the reversing process
of VOC contaminationi-rom the followirg Figure 130, it can be show that VOC contamination is
reversible when samples were moved to VOC free environment. After taking measurement for 624
hours in contaminated environment, samples were moved to VOC free environment. The black
area on the phosphor is caused by the discoloration of VOCs. Special consideration should be put
on the lens of these samples. The lens did not change during the experim

The conclusion is that during the accelerated test, high temperature and high percentage
relative humidity made the vulcanized rubber and epoxy start to give off volatile organic
compounds. Due to the sealed environment, VOCs of high density startiffuse into the
silicone polymer and were trapped into the space between the phosphor particles. When the LEDs
went through the power cycle, high junction temperature and radiant power from the chip made
the trapped VOCs start to discoldhus the uminous flux degraded dramatically and color
coordinates shifted significantly in the yellow direction. However, when the test samples were

moved to a VOCs free environment, the VOCs trapped inside the phosphor particles will diffuse
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out and the discolotian will disappear. The discoloration process caused by VOCs is reversible

under clean environment.

4.3.2.WHTOL TEST WITH ELECTRICA L BIAS IN THE CLEAN ENVIRONMENT

The performance of high power 4&D package under high temperature and high
humidity in the VOC fee environment is studied with several different warm white LED packages.
Each of the LED packages was ys@dered on a star board. They were powered up through the
solder pads that connect the electrodes inside the package. Star board were dirdatly firee
aluminum heat sink with screws.

In order to study the effects of package on the reliability of LEDs, several different package
configurations were used in the experiment, such asCXRP-G and XTE. Each of them has
different package configuratioKR-C LED package has a lateral package structure which requires
two wire bonds to connect the anode and cathode of the die with the outside solder pad. In order
to prevent damage of wire bonds from thecmanical vibration or shock stress, the whole package
was encapsulated witkilicone gellike encapsulate. X&& LED package structure is vertical
compared with the XKC LED package whose structure is lateral. The real functional die -of XP
GLEDisonly45em i n tXf-Eckesaesbin film flip chip (TFFC
have wire bond any morénstead, XTE LED packagestructure uses solder bump to connect the
die with the substrat@ll these three LED package structure are phosphor cad/beased. The
phosphor binder layer is dispensed on the top of the blue light emitter.

Test procedures followed the protocols that outlined in JESTIZAC from the
electronics industry. This test standard requires constant temperature and humiditysakb¢he

time, test samples were electrical power biased on and off at an interval of one hour in the
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Tablell Group Attributes

environmental chamber. Six groups of samples were prepared for the designed test and each group

had a population of fivelable11shows the group attributes of each group in the test.

GrougTest |[Curr|Test ColSampl |[Agin
Vehi c INumbel|Ti me

Gr odlg XR-C 350mA [85°C/85%RH |5 5708
Warm hours
White

Gr o XP-G 350mA [85°C/85%RH |5 5688
Warm hours
White

Gr o 8 XP-G 350mA [75°C/75%RH |5 4000
Warm hours
White

Gr o ulg XT-E 350mA [85°C/85%RH |5 5688
Warm hours
White

Gr oty XT-E 350mA [75°C/75%RH |5 4560
Warm hours
White

Gr ot XTE 350mA [65°C/95%RH |5 4824
Warm hours
White

202




XRC Warm White Radiant Flux
vs. Aging Time 85°C and 85%
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Figurel31 Absolute Radiant Flux Measuremnt of XAQRLED at 85°C/85%RH

Figure131shows the absolute radiant flux measurement ofCXEED at 85°C/85%RH.
Absolute radiant flux 1is measured with spect
Absolute radiant flux of eachisible wavelength was plot together as a spectrum.

Based on the absolute radiant flux, the luminous flux could be calcUféagede132shows
the lumnous flux of XRC LED at 85°C/85%RH aging conditiofigure 133 shows the CCT

measurements of XR LED at 85°C/85%RH aging condition.
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Figure132 Luminous Flux Measurement of X LED at 85°C/85%RH

Figure133 Correlated Color Temperature Measurement of XRED at 85°C/85%RH

After theintegrationthe absolute radiant flux, the radiant powan be calculatedtigure
134shows the radiant power measurement of XRED at 85°C/85%RH aging conditioRigure

135shows the blue to yellow ratio measurement of ERED at 85°C/85%RH aging condition.
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